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FOREWORD 

Th is  A p p l i c a t i o n  Manual has been prepared as p a r t  o f  
Cont rac t  Nas 8-5091 f o r  the "Development o f  H i g h l y  R e l i a b l e  
Capsule Type S l i p  Ring Assemblies" by P o l y - S c i e n t i f i c  D i -  
v i s i o n  L i t t o n  P r e c i s i o n  Products, Inc,  I t  i s  an annex to  
the F ina l  Summary Report  o f  t h a t  program. 

The in fo rma t ion  presented i s  based upon the technology 
developed by P o l y - S c i e n t i f i c  and enlarged upon by the work 
o f  P o l y - S c i e n t i f i c  under the referenced con t rac t .  I t  i s  the  
i n t e n t  o f  t h i s  manual to make bas i c  s l i p  r i n g  technology 
known to the systems engineer. By do ing  so9 the d e f i n i t i o n  
o f  s l i p  r i n g s  f o r  f u t u r e  a p p l i c a t i o n s  should be more com- 
p a t i b l e  w i t h  o v e r a l l  systems requirements and the b e s t  
p r i n c i p l e s  o f  s l i p  r i n g  design. 

The emphasis i n  t h i s  manual i s  on r e l i a b l e  m i n l a t u r e  
capsule assemblies w i t h o u t  p a r t i c u l a r  regard to cost .  I t  
should be po in ted  o u t  t h a t  the achievement o f  adequate 
re1 i a b i l  i t y  i s  the r e s u l t  o f  appl i c a t i o n  o f  proven con- 
cepts  and processes w i t h  s t r i n g e n t  c o n t r o l s  throughout the 
manufacture o f  the u n i t .  The e f f o r t  r e q u i r e d  to implement 
these c o n t r o l s  r e s u l t s  i n  increased u n i t  p r i c e .  The systems 
engineer must c a r e f u l l y  weigh the fea tures  requ i red  aga ins t  
the c o s t  and r e l i a b i l i t y  demands o f  the  system. These are  
impor tant  dec is ions  s ince  inadequate r e l i a b i l i t y  is the 
g rea tes t  system cost. Th is  manual w i l l  c o n t a i n  no d iscus-  
s i o n  o f  the c o s t  f a c t o r s  o f  r e l i a b i l i t y .  

The o r g a n i z a t i o n  and p repara t i on  o.f t h i s  manual has 
been d i r e c t e d  to  present  a discus.sion,of: the major f a c t o r s  
bear ing  upon the des ign o f  the s l i p  r i n g  capsule for  the 
appl i c a t i o n ,  The manual s t a r t s  w i t h  the d iscuss ion  o f  the 
p r i n c i p a l  concepts o f  capsule assembly manufacture. Th is  i s  
f o l l owed  by the l i m i t a t i o n s  imposed and s 'pec i f i c  impor tant  
fea tures  a f f e c t i n g  the capsule performance. F i n a l l y ,  i s  a 
d i scuss ion  o f  i n s t a l l a t i o n  and the poss ib le  f a i l u r e  modes 
o f  va r ious  s l i p  r i n g  capsule assemblies. 

I t  i s  hoped t h a b i t  w i l l  serve as a bas i s  for  communi-. 
c a t i o n s  between the system designer, who must d e f i n e  capsu1.e 
requirements, and the s l i p  r i n g  capsule designer, who has 
the  u l t i m a t e  des ign r e s p o n s i b i l i t y .  As an a i d  tg the system3 
designer, a suggested requirements sheet has been inc ludedp 
The da ta  tnc luded'on t h i s  sheet w i l l  enable &he slip r i n g  
engineer to p rov ide  the proper balance o f  design to o b t a i n  
the maximum performance possib, le f r o m  the  design. The de- 
velopment o f j t h e  be assembly for  the appl  i c a t i o n  through 
e f f e c t i v e  engineer1 communication i s  the purpose o f  t h t s  
Appl i c a t i o n  Manual 



TABLE OF CONTENTS 

FOREWORD 
TABLE OF CONTENTS 

1 * o  
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 

INTRODUCTION 
H I  STORY 
COMPONENT D E S C R I P T I O N  
D E S I G N  CONCEPTS ' 

MATER I ALS 
D E S I G N  CONSIDERATIONS 
CONNECT I O N S  
CONTACT SURFACE 
CONTACT ADJUSTMENT 
P O T E N T I A L  PROB.LEM AREAS D U R I N G  HANDLINF 
F A I L U R E ' M O D E S  

. I  

12.0 RE L I AB I L I TY EVALUAT I ON FOR CAPSULE S 

1 

2 
4 
7 

10 

21 

31  
53  
57 
62 
67 
71 
82 

- 1  - 



1.0 INTRODUCTION 

The s l i p  r i n g  and brush con tac t  i s  t he  most simple, 
compact, e f f i c i e n t  and economical method for  t r a n s m i t t i n g  
e l e c t r i c a l  power and i n t e l l i g e n c e  between components which 
r o t a t e  r e l a t i v e l y .  These advantages become even more s i g n i -  
f i c a n t  when many c i r c u i t s  a re  requ i red .  

I n  i t s  s imp les t  concept, the  s l i p  r i n g  i s  an e l e c t r i -  
c a l l y  conduct ive  r i n g  which i s  rubbed by an e l e c t r i c a l l y  
conduct ive m a t e r i a l .  When connected i n t o  an e l e c t r i c a l  
c i r c u i t ,  cont inuous r o t a t i o n  o f  the  r i n g  i s  p r a c t i c a l  w i t h -  
o u t  i n t e r r u p t i o n  o f  the  c u r r e n t .  S l i p  r i n g  assemblies a re  
produced when a number o f  these r i n g s  are  mounted on a 
s h a f t .  An assembly o f  the  conduct ive w ipers  i s  descr ibed 
as a brush assembly. A capsule or c a r t r i d g e  assembly i s  a 
s e l f - c o n t a i n e d  u n i t  w i t h  s l i p  r i n  , brushes, bearings, and 
s t r u c t u r a l  suppor ts  (see F igure  1 7 a 

M i n i a t u r e  capsule assemblies most o f t e n  have t h e i r  
a p p l i c a t i o n  i n  guidance systems for  m i s s i l e s  and a i r c r a f t  
where space and r e l i a b i l i t y  a re  a t  a premium. Under these 
circumstances every element of design i s  s i g n i f i c a n t .  Every 
des ign feature,  component, ma te r ia l ,  and process must be 
se lec ted  by the s l i p  r i n g  designer t o  f u l f i l l  combined 
e l e c t r i c a l ,  mechanical, chemical, and thermal requirements 
d i c t a t e d  by the  d e s i r e d  u n i t  performance. With so many 
e s s e n t i a l  requirements, super f luous or  a r b i t r a r y  s p e c i f i -  
c a t i o n s  can c r e a t e  unnecessary comp l i ca t i on  and degrade 
r e l i a b i l i t y  by d i c t a t i n g  compromises of  the e s s e n t i a l  . 
c h a r a c t e r i s t i c s .  

Each s u p p l i e r  o f  s l i p  r i n g  capsule assemblies has 
techniques and processes which are i n h e r e n t l y  s u i t e d  t o  h i s  
f a c i l i t i e s ,  equipment, and s k i l l s .  I t  i s  t h e r e f o r e  unwise 
t o ' e x p e c t  ma te r ia l s ,  processes o r  designs developed and 
proven by one s u p p l i e r  t o  be d i r e c t l y  a p p l i c a b l e  t o  another. 

For impor tant  o r  c r i t i c a l  app l i ca t i ons ,  the  system 
designer should d iscuss the  requirements i n  d e t a i l  w i t h  
the  sl i p  r i n g  manufacturer t o  e s t a b l i s h  the  most e f f e c t i v e  
c r i t e r i a  poss ib le .  
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2.0 HISTORY 

The use of slip ring and brushes dates back to the 
earliest electric motors and generators. For many years 
these were the only significant usage of these items. 
The slip rings were only minor accessories to the machines 
with no particular space limitations, few circuits and con- 
ven i ent ma i ntenance. 

With the development of airborne navigational and con- 
trol equipment, the applications emphasis shifted from power 
to signal transmission. As a result, size and weight became 
critical, the number of circuits increased, and maintenance 
became more complicated. Instrument slip rings and brushes 
(Fig. 2) had to be designed and developed as specialized 
components for each installation. As a result of the variety 
of these units built, the slip ring manufacturing industry 
evolved to produce the assembl ies. 

The early slip ring industry was a manufacturing in- 
dustry built around various process technologies. Slip ring 
manufacturers were chiefly dependent on their customers' 
engineering to call out configurations, materials, etc. 
Very little work had been accomplished on the investigation 
of basic design parameters in sliding contacts. The choice 
of material combinations, contact configurations, brush 
force, brush-ring alignment, brush mechanics, slip ring 
concen tr i ci ty, brush-r i ng d imens ional re 1 at ionsh ips, e tc. 
were in most instances based on only partially supported 
opinions. A review of the requirements and performance of 
these separate slip ring-brush assemblies during the 1950's 
gave a very cloudy picture. Their use 3s carriers of low 
level signal circuits was becoming wide spread. However, 
their performance was s o  varied that any attempt at es- 
tablishing a quantitative performance level was not practical. 
Assembly practices on the separate assemblies were so varied 
that performance data in specific application would vary by 
orders of magnitude. 

During the late 1950's, the capsule type slip ring 
assembly (Fig. 3 )  was introduced, producing significant 
changes i n  the philos6phy of the slip ring industry. Per- .' 
formance became the responsibi 1 i ty of the manufacturer. 
The leading manufacturers responded by developing essential 
design and enginee'ring data for performance chafacteristic-sl, 
The materials, processes, finishes, forces, configurations, 
adjustments and controls became a manufacturing prerogative 
and the necessary specifications and documentations were 
developed. With definable controls establ ished, quantative 
performance levels wyre obtained which served as basis for 
further improvement. L% 

- 4 -  



BRUSH BLOCK 

S L I P  R I N G  

FIG. 2 :  SEPARATE S L I P  R I N G  AND BRUSH 51, 
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F I G .  3 :  CAPSULE ( S E C T I O N )  
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The need for increased number of circuits in a de- 
creased size with maximum performance reliability, led 
to the wide usage of capsule type assemblies to replace 
separates in most critical appl ications. There were ad- 
di tional advantages to be gained from capsules. The cap- 
sule as a "black box" enabled the inclusion of the most 
up-to-date technology of design, materials, and processes 
in the manufacture of 'the unit. The concept of the capsule 
permitted the use of some design features with improved 
performance which because of handling, installation, tech- 
nique or space could not be used on separates. It freed 
the user from a myriad of desi n, inspection and handling 
documentation of the separate 9 and more del icate) units. 
The capsule concept permitted complete pre-testing o f  the 
slip ring assembly as a component as the criteria of 
acceptance prior to instal lation. 

There are still applications where separate slip 
ring and brush assemblies have unique features which make 
their use desirable for some instruments. This is particu- 
larly true where the independent installation of the slip 
ring or brush assembly is required. The instances are 
rare where such limitations prohibit use of adequately 
designed capsules. When separates are required, their 
fabrication can parallel that of capsules providing they 
are designed and built as matched sets. 

At present, most appl ications for high re1 iabi 1 i t y  
electrical conduction between relatively rotating assembl ies 
now utilize capsule assemblies. Only the older, fess criti- 
cal systems or those with unique assembly problems utilize 
separate slip ring and brush assemblies. 
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3.0 COMPONENT DESCRIPTION 

The major components of a capsule assembly consist 
of a slip ring sub-assembly, brush sub-assembly, with a 
frame, housing and bearings to support and enclose the 
unit. The slip ring and brush sub-assemblies, in princi- 
ple, differ only sl ightly from the corresponding separates. 
The discussions will pertain to both corresponding com- 
ponents throughout this section and the remainder o f  the 
presen ta t ion. 

3.1 S L I P  RING SUB-ASSEMBLY 

The slip ring sub-assembly (Fig. 4) consists of the 
rings, leads, and bearings supports which are encapsulated 
and insulated by a thermosetting plastic. Where design or 
performance dictates, mounting members, flange or backshaft, 
and reinforcing elements are included in the assembly. 

The rings are conductive metal rings arranged con- 
centrically on a cylindrical (drum type) or flat (pancake 
type) surface. The outer surface is unencapsulated and is 
normally finished to receive a conforming brush. Lead 
wires connect to each of the rings and extend to a termi- 
nation outside the slip ring sub-assembly. 

Bearing seats are provided at each end of the slip 
ring axis. These seats may be part of any reinforcement 
used in the assembly or they may be simply embedded in the 
assembly. The inboard (near the lead) seat is usually 
designed as an integral part of a flange or backshaft 
which serves as the drive mechanism foP.the slip ring. 
The outboard seat normal ly includes a' threaded member for 
capsule assembly and end play adjustment. 

The entire slip ring is insulated and ,bound into an 
integraded body by a thermosetting plastic. This plastic 
serves as the principal strength member for slip rings of 
the smallest possible diameter. 

A reinforcing member is required in the slip ring 
when the plastic .does* not have adequate strength and 
rigidity to support the assembly. The most effective 
reinforcement consists of a one-piece member of maximum 
rigidity incorpor2ting bearing seats, and all oxher 
structural features. 
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3.2 BRUSH BLOCK SUB-ASSEMBLY 

The brush assembly (Fig. 4) consists only of brushes, 
their connecting leads and the supporting plastic. Seldom 
are supplemental components used in the brush assemblies. 

The brushes in miniature capsule assemblies are 
normally made of small diameter alloy wire formed into a 
shape which will allow at least two wipers to rub the ring 
surface. Physical contact is maintained by the spring 
force of the brush. Lead wires may or may not be encapsu- 
lated into the brush assembly, depending upon the concept 
and design. In some concepts, junction bars are included 
to provide connections between brushes and leads. The en- 
tire unit is bound together with plastic. Most brush sub- 
assemblies are limited in space and do not contain metallic 
reinforcement, however, many do include glass fibre rein- 
forcement for the plastics. As in the slip ring sub-assembly, 
the plastic insulates the metallic components. 

3 . 3  ASSEMBLY COMPONENTS 

The principa1 structural member o f  the capsule assembly 
is the frame. It has two or more longitudinal members which 
provide strength and rigidity for the stator and support 
the brush assemblies. The frame has provisions for ball 
bearings which provide the a1 ignment and concentricity for 
the slip ring sub-assembly. 

The rotor and stator of the capsule assembly are 
connected by ball bearings mounted on the slip ring and 
into the frame. The take-up o f  play in these bearings is 
adjusted and fixed by the position of the bearing nut which 
holds the capsule assembly into a single functioning item 
of hardware (Fig. 3 ) .  

The capsule i s  shielded and protected by a housing 
which encloses the brush sub-assemblies. 
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4.0 DESIGN - CONCEPTS 

There are nearly as many capsule designs as there 
are slip ring applications. To meet these requirements, 
there are several concepts which are used in slip ring 
sub-assembly and brush block sub-assembly design. 

4.1 SLIP RING SUB-ASSEMBLY 

There are three ( 3 )  generally accepted concepts for 
the manufacture of the slip ring sub-assembly (rotor). 
These are: stacking, casting (molding) and electrodeposi- 
tion. We shall consider each of these processes. 

a process of assembling and cementing pre-formed slip ring 
components into a single element. Such a process requires 
the machining of shafts, insulators, barriers and rings to 
extremely close tolerances to prevent the stack-up from 
creating cumulative out-of-tolerance conditions. 

4.1.1 Stackinq - Stacking (Fig. 5) is essentially 

This process has its greatest advantage for slip 
ring sub-assemblies required in small quantities since 
this process avoids the manufacture of expensive tooling. 
The process is most practical i n  'larger diameter assemblies 
where casting or molding processes become less suitable. 

In view of the requirements for close tolerance 
machining, stacking has several disadvantages. These 
tolerances require easily machinable materials and limit 
the choice of both plastic and metals. In small diameter 
units, the component s ize- to- to le rance '*ra t io  makes manu- 
facture difficult. The location'of multiple leads with-. 
in slots on very small shafts becomes impractical or im- 
pos s i b 1 e-. 

4.1.2 Castinq - Slip ring sub-assemblies can be 
produced by casting. (Fig. 6). The rings and attached 
leads are positioned into an accurately grooved mold, 
If a reinforcing member is required, it is inserted in 
the mold with proper +alignment and the mold is filled 
with the desired plastic. 

The casting process has the advantage of permitting 
the use of any metal or alloy which can be formed into 
the ring shape. It has further advantages in; that it i s  
a very practical concept for use with most large scale 
production orders. In this process any plastic, filled 
or unfilled,bcan be used since very little machining of 
the plastic must be>,done. 
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F I G .  5 : STACKED SLTP R I N G  
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Casting offers a major advantage in the use of any 
type ring material, eithe-r pure metal or alloy. 

The principal disadvantage of the casting process 
is that the accuracy of the ring location is dependent 
upon the several tolerances on the ring, on the grooves . 
in the mold, and on the plastic properties, Once the mold 
is accurately made, the ring location depends only upon 
the tolerance of the rings and the plastic properties. 

This concept has a disadvantage of potential voids 
because it requires filling the narrow barriers between 
rings. This is particularly true with high viscosity, or 
highly filled plastic systems. 

Although casting is normally done using a liquid 
casting resin of a thermoset type, the same concept can 
also be used with transfer molding or thermosetting com- 
pounds using essentially the same processes. 

4.1.3 Electrodeposition - Electrodeposition (Fig. 7) 
is a combination of processes which include the casting of 
plastic around the structural shaft member and the lead 
wires; the grooving of the plastic for rings, the establish- 
ment of a metal surface at the bottom of the groove mak.ing 
contact with the proper lead wire; the plating of ring 
material into the groove to build-up the ring; and the 
final machining and surface finishing of the ring itself. 

The electrodeposition process can be used on slip 
ring sub-assemblies of virtually any size. The principal 
advantage of electrodeposition is that it permits accurate 
placing of the rings. The location of the rings in the 
electrodeposition process is the most .accurate o f  any 
method known for S I  ip ring manufacture. The electrodeposi- 
tion process coupled with precision groove grinding lends 
itself very effectively to any type of plastic, filled or 
unfilled, which may be desired for the construction of the 
rotor. 

The electrodepostion process has the disadvantage 
of being limited to only those ring materials and alloys 
which can be re1 iably,electrodeposi ted. There is the 
additional disadvantage of the electrodeposited ring to 
lead joints. These are extremely dependent upon the con- 
trol of process for  adequate strength and uniformity. 

4. z BRUSH. AND BRUSH-BLOCK SUB-ASSEM~LY CQNCEPTS AND FEATURES 

There are principally four (4)  types of brush assembly 
concepts which are used in the stators of capsule assemblies, 
These four are: stacked, cast, floating and pre-stressed. 
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4.2 .1  Stacked - As the name impl ies,  t he  stacked 
brush assembly ('Fig. 8)  i s  b u i l t  up by a s e r i e s  o f  wafers.  
The brushes a r e  p o s i t i o n e d  i n  grooves or  s l o t s  i n  the 
wafers .  These wafers  a re  designed t o  con f ine  the brush so  
t h a t  i t  i s  f r e e  to  move about on the  r i n g  w i t h o u t  l eav ing  
the r i n g .  

The l a r g e  amount o f  mot ion  pe rm iss ib le  between brush 
and r i n g  i n  several  d i r e c t i o n s  does n o t  a l l o w  the brush 
t o  produce a f i x e d  wear pa th  on the r i ng ,  and the re fo re  
can c r e a t e  an uns tab le  and f r e q u e n t l y  no i sy  assembly. 
I n  add i t i on ,  the unsupported brush- lead j o i n t  can c o n t r i -  
bu te  p o s s i b l e  no ise  and c i r c u i t  breakage, s ince  the  brush 
mot ion c rea tes  a s t r a i n  on t h i s  j o i n t .  Th is  concept does 
o f f e r  the  advantage o f  hav ing very  l o w  torque under con- 
d i t i o n s  o f  o s c i l l a t i o n  s ince the  brush can move through a 
few degrees w i t h o u t  s l  i d i n g  on the r i n g .  Th is  type  o f  
brush assembly des ign i s  n o t  be ing  used i n  modern brush 
'assembl ies .  

4.2.2 F l o a t i n q  Brushes - The f l o a t i n g - b r u s h  type  
assembly ( F i g ,  9 )  c o n s i s t s  o f  a s e r i e s  o f  tubes p o s i t i o n e d  
perpend icu la r  to  the  a x i s  o f  the s l i p  r i n g  assembly. Each 
o f  these tubes i s  e l e c t r i c a l l y  connected t o  one o f  the lead 
w i r e s .  The brushes are  fou r  small  diameter w i r e s  which f i t  
accu ra te l y  i n t o  the  bore of the  tube. The brushes a r e  
approx imate ly  i n  the  f o r m  o f  a dog l e g  so t h a t  one end 
o f  each brush r i d e s  i n  one o f  the  t w o  grooves o f  the r i ng ,  
and the  o t h e r  end i s  i n  the tube. The r e s t r i c t i o n  o f  the 
brush by  the groove and tube prevents  the  four  brushes f r o m  
moving w i t h i n  the  tube and main ta ins  the p o s i t i o n  on  t h e .  
r ing., 

A p r i n c i p a l  advantage o f  t h i s  ass.e';nbly i s  i t s  smal l  
brushes o f  s h o r t  l e n g t h  which g ives  i t  c a p a b i l i t y  t o  f i t  
i n t o  very  small  diameter capsule u n i t s .  Another advantage 
f o r  the  f l o a t i n g  brush i s  the absence o f  a brush- lead j o i n t  
e l  iminates the  need fo r  brush m a t e r i a l  we ldab i l  i t y  and 
s o l d e r a b i l i t y .  I t  has one a d d i t i o n a l  advantage i n  t h a t  
there  a r e  four w ipers  for  each r i ng ,  thereby improving 
the redundancy o f  con tac ts  f o r  the  brush assernbl y. 

The disadvantages l i e  i n  the f a c t  t h a t  the  w ipers  
must approach the r i n g  w i t h  a s l i g h t  angle s ince  the 
c e n t e r l i n e  o f  the  tube i s  p o s i t i o n e d  hal fway between the  
t w o  grooves i n  whi.ch the t w o  se ts  o f  brushes s l i d e .  A lso  
there  i s  an increased v a r i a t i o n  i n  r i n g  res i s tance  due to  
the  f a c t  t h a t  the  w ipers  con tac t  the r ingrapl j rox i rnate ly  
90" a p a r t  ins tead o f  the  180" between contac ts  f o r  o the r  
brush b l o c k  concepts, T h i s  brush concept has an a d d i t i o n a l  
d isadvantage because each wiper  has t w o  pressure type 
e l e c t r i c a l  con tac t  i n  ser ies,  one on the r i n g  and one i n  
the  tube. 

- 15 - 



PRE-CAST P L A S T I C  
INSULATOR AND 
BRUSH MOUNTING D I S C  
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I N  P L A S T I C  
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'ED 

FIG. g : FLOATING TYPE BRUSH 
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4.2.3 Cast - By f a r  the s imp les t  and most extens ive1 
sed brush assembly concept i s  the c a s t  assembly. 
n the c a s t  brush assembly the brushes w i t h  t h e i r  a t tached 

(F ig.  181, 
leads are  loaded i n t o  a mold through a s e r i e s  o f  ho les or 
s l o t s .  The leads or te rmina ls  a re  rou ted  to  and h e l d  i n  
f i x e d  p o s i t i o n s  i n  the mold, The mold i s  then c a s t  w i t h  
p l a s t i c  ( o r  molded w i t h  a t r a n s f e r  mold ing compound,) 

The completed c a s t  brush assembly i s  a very r i g i d  
u n i t  w i t h  the  brush l o c a t i o n  p r e c i s e l y  determined by the 
t o o l i n g  and p l a s t i c  c h a r a c t e r i s t i c s .  T h i s  a l lows the brush 
assemblies to be e a s i l y  removed and rep laced w i t h , l i t t l e  
chance o f  damage. Such removal permi ts  independent sub- 
assembly c lean ing  and inspect ion.  

A f t e r  the removal from t h e  mold and the f i n i s h i n g  o f  
any r e q u i r e d  surfaces, the  brushes m u s t  be s t ra igh tened  
and ad jus ted  to achieve the proper brush fo rce  and spacing 
requ i red  by the assembly design, I t  i s  i n  t h i s  area t h a t  
the c a s t  brush assembly has i t s  p r i n c i p a l  weak po in ts .  The 
accuracy of l o c a t i o n  o f  the brushes i s  f i r s t  a f f e c t e d  by 
the  l o c a t i o n  o f  the holes i n  the  mold through which the  
brushes must pass; second, by the l o c a t i o n  o f  the brushes 
w i t h i n  the holes, and t h i r d ,  by the c o n t r a c t i o n  o r  s h r i n k -  
age o f  the p l a s t i c  f r o m  the nominal mold dimensions as 
the p l a s t i c  cures. The combinat ion o f  these to lerances 
can r e s u l t  i n  a s i g n i f i c a n t  inaccuracy o f  brush p o s i t i o n .  
The c a s t  concept increasesthe amount o f  hand l i ng  t o  which 
the brushes are subjected and as a r e s u l t  scratched o r  
n icked brushes sometimes become a problem. Also, forming 
o f  brushes i s  r e q u i r e d  a f t e r  heat  treatment, i n t r o d u c i n g  
undes i rab le  r e s i d u a l '  stresses. Th is  copcept requ i res  
more t o o l  i n g  than o ther  brush bl'ock concepts; consequently, 
i t  i s  l i m i t e d  to h i g h  q u a n t i t y  product' ion. The brush m i s -  
a l ignment  poss ib le  by the use o f  t h i s  design concept can 
r e s u l t  i n  a x i a l  loads on the  r i n g s  and produce increased 
torque. 

4.2.4 Pre-Stressed - A brush concept w i d e l y  used i n  
m i n i a t u r e  capsule assemblies i s  the pre-s t ressed type brush 
design (F ig .  1 1 - A ) .  (Th is  i s  a l s o  know as the "Nooteboom" 
design).-. Two types of p re-s t ressed brush assembly designs , 

a re  i n  use today. The s imp les t  t y p e - c o n s i s t s  o f  a p l a s t i c  . 
i n s u l a t o r  mounted on the frame. This  p l a s t i c  i n s u l a t o r  Fs 
grooved to  p o s i t i o n  the brushes i n  the approximate l oca -  
t i o n  w i t h  respect  t o  the r i n g .  "1 

The brushes a re  t r i a n g u l a r  shaped when dbserved i n  the 
f r e e  p o s i t i o n  w i t h  the con tac t  points near the open vertex.  
The brush, when opened up, loca tes  on the brush b lock  and .~ 
on the s l i p  r i n g  i n  The most re laxed  p o s i t i o n  w i t h  respec t  
to the groove on the.<sl i p  r ing ,  the groove on the. brush 
block, and i t s .  own compliance. The brush. i s  then f i x e d  by 
cementing i t  to t h e  brush b lock.  The a c c u r a t e l y  p o s i t i o n e d  
brush, therefore, has' the  b e s t  a11igtimi;nt poss ib le  without 

- 17 -. 
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a x i a l  loads s ince  the brush i s  f i x e d  i n  the f i n a l  assembly 
stage, 

I t  permi ts  heat  t reatment o f  the brush a f t e r  f i n a l  f o r m -  
ing, t he re fo re  m in im iz ing  the  res idua l  stresses. The brush 
undergoes l e s s  hand l i ng  than i n  o ther  concepts. These two. 
advantages combine to o f f e r  the most r e l i a b l e  brush f r o m  
a mechanical s tandpoint .  Due to the increased d e f l e c t i o n  
o f  the brush per u n i t  o f  fo rce  a t  the t ime the brush i s  
formed, t h i s  concept requ i res  l ess  p r e c i s i o n  o f .  the  s e t t i n g  
diameter than o t h e r  brush concepts. 

C e r t a i n  disadvantages stem from t h i s  concept. The 
simple p re-s t ressed design u t i l i z e s  cement t o  h o l d  the 
brush i n  place, and the  leads are soldered t o  the brush 
a f t e r  t h i s  cement i s  cured. The connect ion i s  then covered 
w i t h  p l a s t i c  t o  prevent  e l e c t r i c a l  f a i l u r e s  du r ing  use 
o f  the p a r t .  The c u r i n g  o f  p l a s t i c s  and the s o l d e r i n g  o f  
brushes on the s l  i p  r i n g  in t roduce undes i rab le  contaminants 
to the r i n g s  r e q u i r i n g  subsequent c lean ing  opera t ions  for 
t h e i r  removal. I n  t h i s  type o f  brush block,  the leads 
are always ex te rna l  t o  the brush assembly proper, and are  
conf ined between s t a t o r  members and the  cover o f  the assembly., 
F o r - t h i s  reason, precaut ions must be taken t o  prevent  the 
leads from d i s t o r t i n g  o r  damaging the brush assembly. 

Th is  concept has several  o ther  d e s i r a b l e  features.  

I n  the more advanced j u n c t i o n  p l a t e  p re-s t ressed 
des ign (F ig .  1 1 - B ) ,  the lead w i r e s  a re  connected t o  a metal 
j u n c t i o n  bar  and t o t a l l y  encapsulated i n  the  p l a s t i c  brush 
assembly. The brushes are  soldered to the o u t s i d e  o f  the 
j u n c t i o n  bar.  The l o c a t i o n s  are  determined by the V-grooves, 
the j u n c t i o n  bar  and t h e i r  respec.t ive.ai ignment w i t h  
grooves i n  the s l i p  r i n g .  Both types o f  p re-s t ressed brush 
b locks  o f f e r  t h i s  same s i m p l i c i t y  o f  assembly, the same 
minimum damage to the brushes due to  handl ing,  and forming. 
The j u n c t i o n  p l a t e  type o f f e r s  the d i s t i n c t  advantage o f  
hav ing  leads encapsulated i n  p l a s t i c ,  t h e r e f o r e  i n  a p re -  
determined p o s i t i o n ,  and i n  a d d i t i o n  i t  o f f e r s  the maximm 
accuracy o f  al ignment s ince  the grooves can be p r e c i s e l y  
p laced and inspected to  v e r i f y  the accuracy o f  the  work, 
Furthermore no p l a s t i c  opera t ions  are requ i red  a f t e r  brush 
i n s t a l  l a t i o n .  

4.3 RECOMMENDATIQN 

The maximum preci .s ion and re1 i a b i l  it*y of a i n i n i a t u r e  
capsule assembly r e s u l t s  f r o m  a s l i p  r i n g  sub-assembly 
b u i l t  t o  the e l e c t r o d e p o s i t i o n  concept combined w i t h  a 
pre-stressedabrush gssembly o f  t he  junction p l a t e  type. 
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5! 0 MATERIALS 

The manufacture and use o f  m i n i a t u r e  s l i p  r i n g  cap-’ 
su le  assemblies r e q u i r e  some exceptf ional  combinations o f  
m a t e r i a l  p r o p e r t i e s  and c h a r a c t e r i s t i c s .  The m a t e r i a l s  
and t h e i r  p r o p e r t i e s  a re  discussed i n  t h i s  sec t ion ,  

5.1 LEAD W I R E  

Most  capsule designs r e q u i r e  lead-w i res  for making 
e l e c t r i c a l  connect ions t o  the c i r c u i t s .  Since the capsule 
end o f  the lead i s  normal ly  embedded i n  the p l a s t i c ,  the. - 
leads must be Subjected to  much or a l l  o f  the many process- 
i n g  opera t ions  o f  capsule manufacture. These processes 
expose the leads to  a mu1 t i p 1  i c i t y  o f  mechanical, thermal 
and chemical t reatments which most w i r e  uses do n o t  requ i re ,  
I t  i s  there fore  impera t ive  t h a t  the m a t e r i a l s  used f o r  the 
conductor and the  i n s u l a t o r  be the bes t  poss ib le  to insure 
capsule r e l i a b i l i t y  aga ins t  lead f a i l u r e ,  

5.1.1 Conductor - The m o s t  frequent, ly used conductor 
m a t e r i a l  i s  copper due t o  i t s  mechanical and e l e c t r i c a l  
c h a r a c t e r i s t l e s ,  Both e l e c t r o l y t i c  tough p i t c h  (ETP) 
copper and oxygen f r e e  h i g h  c o n d u c t i v i t y  (OFHC) copper 
are used, w i t h  the o n l y  d i f f e r e n c e  between the t w o  be ing  
the oxygen conten t  o f  the conductor, The oxygen f r e e  con- 
ductor  has less  tendency t o  undergo ga lvan ic  corrosion 
and consequent ly i s  more s u i t a b l e  for ove r -p la t i ng .  I n  
add i t i on ,  oxygen f r e e  conductor has b e t t e r  weld cha rac te r -  
i s t i c s  than ET? copper.‘ 

The main disadvantage o f  us ing  co6per as a conductor 
i s  t h a t  i t  corrodes when exposed’ to  o x i d i z i n g  atmospheres. 
Therefore, i t  i s  necessary t o  p r o t e c t  the copper by p l a t -  
i n g  i t s  sur face w i t h  a more s t a b l e  m a t e r i a l .  Two.such 
m a t e r i a l s  are commonly i n  use - s i l v e r  and n i c k e l .  S i l v e r  
has become the more popular o f  the t w o  because o f  i t s  
p r o p e r t i e s .  The e longa t ion  o f  s i l v e r  i s  50%, t h a t  o f  n i c k e l  
30%, compared t o  38% f o r  the copper; thus,. s i l v e r  i s  more 
ab le  to  w i ths tand  ex tens ive  f l e x u r e  than n i c k e l .  S i l v e r  
p l a t e d  leads have a 30% to 40% greater  f l e x  l i f e  than nicke.1 
p l a t e d  leads, 

P l a t i n g  mate,r ials commonly used on copper w i r e  for  
o t h e r  a p p l i c a t i o n s  (such as t in ,  cadmium, e t c . r  a re  g e n e r d t y  
s u i t a b l e  =for <sl ip-Oring a p p l i c a t i o n s  because i t h e i r  m e l t i n g  
p o i n t s  a re  below t h a t  which the conductor must w i ths tand 
d u r i n g  lead w i r e  manufacture. ~ 

9 
The p l a t i n g  o f  

problem. Where ever 
ing, the two rdissirn 
c e l l  i n  the  presence of moisture.  I n  the  use.of s i l v e r  

. .  

o 

he conductor. in t roduces an add i t iona l  
here i s  an imper fec t i on  i n  t h e . p l a t -  
a r  meta ls  can r e a c t  like a ga lvan lc  
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p l a t i n g  t o  prevent  ox ida t i on ,  imper fec t ions  i n  the p l a t e  
w i l l  cause the  c o i p e r  to o x i d i z e  t o  f o r m  cuprous ox ide  
(commonly c a l l e d  Red Plague"). P l a t i n g  and lead w i r e  

*processing must be c o n t r o l l e d  t o  insure  r e l i a b l e  lead 
w i re .  The use of  55 mic ro inch  p l a t i n g  thickness, ins tead 
o f  40 m ic ro inch  as c a l l e d  o u t  i n  MIL-W-16878-D, g r e a t l y  
reduces the p r o b a b i l i t y  o f  breaks i n  the  p l a t i n g .  

s t rands to.  be used i n  lead w i r e s  o f  .the AWG s i z e  normal l y  a 

used. These a re  s ing le ,  seven and n ine teen strands. Nine- 
teen stranded lead w i r e  i s  super io r  to s i n g l e  or seven 
stranded lead w i r e  and' i s  be ing  used almost e x c l u s i v e l y  
because o f  i t s  Lncreased f l e x i b i  1 i t y .  A c o n s t r u c t i o n  a v a i l - .  
ab le  i n  l a r g e r  gages has the l a y  o f  all st rands i n  the 
'same d i r e c t i o n  - as opposed t o  e x i s t i n g  n ineteen stranded 
lead w i r e  which has two  concen t r i c  l aye rs  o f  s t rand ing  w i th  
the l a y  o f  the ou te r  s t rands oppos i te  i n  d i r e c t i o n  o t  the 
inner core.  S h o u l d ' t h i s  become a v a i l a b l e  and be proven 
f e a s i b l e  for s l i p  r i n g  use, i t  w i l l  be an a d d i t i o n a l  i m -  
provement t o  the f l e x  l i f e  o f  the leads. 

There are  th ree  p r i n c i p a l  choices for  the number o f  

A t  present, t he  s i l v e r  p l a t e d  copper conductor i s  by 
f a r  the most f r e q u e n t l y  used .conductor for use i n  capsule 
assemblies; however, f u r t h e r  s tud ies  a re  be ing  made f o r  
the development o f  a more r e l i a b l e  @onductor. The use o f  
a h i g h  s i l v e r  a l l o y  conductor i s  be ing exp lo red  as a poss in  
b l e  replacement for the s i l v e r  p l a t e d  copper, 

5.1.2 I n s u l a t i o n  -. The lead w i r e  i n s u l a t i o n  to be 
used must be capable o f  w i ths tand ing  the  necessary p r o -  
cess ing o f  the  assembly. I n  o rder  to  meet the i n s u l a t i o n  
requirements o f  the system, i t  must be ,clean, tough, and 
r e s i s t a n t <  to process chemicals, . TFE ,Tef lon has proven 
i t s  c a p a b i l i t y  t o  meet these requirements, and i s  be ing  
used almost e x c l u s i v e l y  f o r  capsule lead w i r e  insu lat ' ion.  

Two types of T e f l o n  i n s u l a t i o n  a r e  ava i l ab le .  One 
i s  the wrapped T e f l o n  tape; the o the r  i s  the extruded 
Tef lon .  Several problems w i t h  the use o f  wrapped i n s u l a -  
t i o n  have r e s u l t e d  i n  the use o f  extruded T e f l o n  i n s u l a -  
t i o n .  Wrapped i n s u l a t i o n  can, i f  not p r o p e r l y  s in tered,  

f r e q u e n t l y  used w i t h  wrapped tape have a tendacy to f l a k e  
o f f .  The o u t s i d e  sur face o f  the wrapped i n s u l a t i o n  i s  non- 

unwrap. I n  add i t ion , -pa in ted  on c o l o r  ,coding s t r i p e s  * .  

un i form and tends-to coi l e c t  f o r e i g n  p a r t i c l e s . "  I 

-** 

Extru'ded, T e f l o n  i n s u l a t i o n  i s  be t te r ,  s u i t e d '  for cap- 
s u l e  appl icat ions,  p resen t ing  a smooth sur face  not r e q u i r -  . 
i n g  t r a c e r s  qr ahher sur face  imper fec t ions  which can shed 
p a r t i c l e s  
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Clear i n s u l a t i o n  hasiproven super io r  to co lo red  be- 
cause the pigments used i n  c o l o r i n g  the T e f l o n  a r e  d e t r i -  

i nspec t i on  o f  the conductor p l a t i n g  and cond i t i on ,  
.mental  t o  un i form cure. Clear T e f l o n  a l s o  a l l ows  v i s u a l  

5.2 CONTACT MATERIALS 

Proper s e l e c t i o n  o f  and use o f  con tac t  m a t e r i a l s  i s  , 

of pr ime importance to an assembly. General ly, i t  has long 
been recognized t h a t  o n l y  prec ious meta ls  can be considered 
for use i n  m i n i a t u r e  capsule assemblies. I d e a l l y ,  the most 
noble o f  meta ls  should be used f o r  m o s t  r e l i a b l e  o p e r a t i o n  
i nso fa r  as c o r r o s i o n  res i s tance  i s  concerned. Commensurate 
w i t h  o the r  significant proper t ies ,  t h i s  metal should be 
r e l a t i v e l y  hard  and have a h i g h  m e l t i n g  p o i n t  for b e t t e r  
wear res is tance.  I t  should have a h i g h  r e a c t i o n  res i s tance  
t o  a l l  environments i n  which i t  i s  to  be used, to  avo id  
format ion o f  i n s u l a t i n g  oxides, su l f i des ,  o rgan ic  com- 
pounds, e t c .  I t  should have a h i g h  c u r r e n t  c a r r y i n g  
c a p a b i l i t y  and good m a c h i n a b i l i t y .  The brush m a t e r i a l  should 
have a l l  t h e  foregoing c h a r a c t e r i s t i c s ,  and i n  ada i t i on ,  the 
brush must have g.ood spr ing- fo rming  c h a r a c t e r i s t i c s  such as 
a h i g h  creep l i m i t .  Unfor tunate ly ,  meta ls  or a l l o y s  t h a t  
meet a l l  o f  these requirements do n o t  e x i s t  and compromises 
must be made f o r  each app l> ica t ion .  These are  made on the  
bas i s  o f  noise, torque, wearj and r e l i a b i l i t y  requirements 
f o r  each design. The p r o p e r t i e s  o f  several  f r e q u e n t l y  used , 

con tac t  m a t e r i a l s  a r e a l i s t e d  i n  Table I. 

The most n e a r l y  s a t i s f a c t o r y  r i n g  m a t e r i a l  has been 
found t o  be pure gold.  Th is  i s  p r i n c i p a l l y  due t o  i t s  
i n e r t  character  w i t h  respect  to bo th  the  inorgan ic  reac t i ons  
and organ ic  po lymer iza t ion ,  I t s  major problem l i e s  i n  i t s  
l o w  hardness. Th is  i s  l a r g e l y  overcome b y  the e l e c t r o -  
forming methods which can produce pure g o l d  r i n g s  to ,the 
h i g h e s t  p o s s i b l e  hardness (Knoop 125) .  Add i t i ona l  t echn i -  
ques i nc lude  the  use o f  98.4% p u r - i t y  g o l d  surfaces to va lues 
up t o  200 KHN. 

for h ighes t  r e l i a b i l i t y  con tac ts  i s  the 95% Au, 22% Agj 3% 
N i  which has minimal tendencies t o  become corroded or  to  
ca t a  1 yze organ ics  e 

The brush m a t e r i a l  o f t e n  used fn  con tac t  w i t h  the  go ld  

e. 

5.3 DIELECTRIC MATERIALS 
\ 

t 

The performanceof the assembly can be gqea t l y  a f fect& '  
by the p r o p e r t i e s  o f  the d i e l e c t r i c  mater7'al t The c r i t i c a l  
p r o p e r t i e s  span the  f u l l  range of  chemical, mechanical, 
therma1 and e l e c t r i c a l  c h a r a c t e r i s t i c s .  Chemically, t he  
p l a s t i c s  must? be s t a b l e  w i t h  a m in imum of outgass ing and 
b leedout  when expose'$ to the  chemical f l u i d s  i n  process ing 
or sys tem env i-ronmen . Mechanical 1 y, the.y must have the  
s t r e n g t h  and r ' i g i d i  t 
under the  fo rces  appl i e d  by machining operat ions,  performance 

.to re1 i a b l y  suppor t  the sub-assembl i e s  
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TABLE I 
REPRESENTATIVE CONTACT MATERIALS 

TRADE NAME 

Leach & Garner 226 
Baker 1560 

10 Carat Gold 

Si lver  Graphite 

14 Carat White Gold 



TABLE I (CONT'D)'  

z 
0 

J< 
U 

TRADE NAME 

Coin Gold 67 15.5 

83.0 

1710 

Neydium 90 
Coin S i l v e r  1430 12.5 

Ney Oro 69 
Leach E Garner 201 
Baker #416 
West. Elec.  # 1  
Wilson G 14 

1885 95 10.9 

I 
Pal iney  7 
Leach E Garner 226 
Baker 1560 

49. 
5.5 1985 

Ney Qro G 
Leach & Garner 205 
Baker 5348 

\ 

I - - - -  - - -  
II 125-130 I 4 - 5 ( 5  
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loads and temperature changes. Thermally, the m a t e r i a l  
must have a temperature res i s tance  and expansion c o e f f i c i e n t  
which avoid degradat ion or ' f a i l u r e  due t o  h i g h  or p r o l o n  ed 

d i e l e c t r i c  s t r e n g t h  to  prevent  breakdown between un insu la ted  
components and adequate volume and 'sur face  r e s i s t i v i t y  to 
insure  h i g h  values o f  i n s u l a t i o n  res i s tance  between c l o s e l y  

p l a s t i c .  

temperatures. E l e c t r i c a l l y ,  the. p l a s t i c  m u s t  have s u f f i c  9 e n t  

spaced conductors. Un fo r tuna te l y  there  i s  no one idea l  . .  

For tunate ly ,  there  are  p l a s t i c s  which have been proven 
s u i t a b l e  fo r  many a p p l i c a t i o n s .  For capsule assemblies, 
these p l a s t i c s  a re  almost always thermoset t ing  ma te r ia l s .  
Polyester ,  d i a l  l y l p h t h a l a t e ,  and epoxy r e s i n  systems are 
w i d e l y  used. The s p e c i f i c  choice i s  u s u a l l y  de f i ned  by 
the  a p p l i c a t i o n  requirements and s l i p  r i n g  manufacturers '  
processes. 

Epoxy res in ,  h i g h l y  f i l l e d  w i t h  l i t h i u m  aluminum s i l i -  
cate, has been found t o  be a m o s t  r e l i a b l e  m a t e r i a l  for low 
c o e f f i c i e n t  o f  expansion and outgass ing w h i l e  hav ing  h i  h 
e l e c t r i c a l  p r o p e r t i e s  and mechanical r i g i d i t y .  (See Tab 3 e 11) 

5.4 BEARINGS 

Bearings used i n  capsule assemb1ies.are almost i n -  
v a r i a b l y  h i g h  p r e c i s i o n  ABEC-7 b a l l  bear ings.  The h i g h  
q u a l i t y  b a l l  bear ings are r e q u i r e d i i n  o rder  to have l o w  
f r i c t i o n  and t o  achieve p r e c i s e  al ignment between r o t o r  
and s t a t o r .  

The m a t e r i a l s  o f  the bear ings are  440 C s t a i n l e s s  
s t e e l  for b a l l s  and races and 300 s e r i e s  s t a i n l e s s  s t e e l  
for r e t a i n e r s .  Even i n  the low load and.low speed a p p l i c a -  
t i o n  o f  most s l i p  r i n g s  some bear'ing l u b r i c a t i o n  i s  neces- 
sary. T h i s  l u b r i c a n t  i s  normal ly  a l i g h t  we igh t  o i l  which 
i s  a p p l i e d  i n  very low q u a n t i t i e s  t o  min imize contaminat ion 
o f  the e l e c t r i c a l  contacts .  

Ba'O 1 bear ings w i t h  t w o  d i f f e r e n t  types o f  r e t a i n e r s  
a re  p r e s e n t l y  i n  use on most capsule assemblies. These a re  
crown type and r i bbon  type r e t a i n e r s .  Both have proven 
s u i t a b l e  f o r  most app) i ca t ions ,  b u t  r i bbon  r e t a i n e r  bear-  
ings are  more r e l i a b l e  than bear ings w i t h  crown r e t a i n e r s '  

5.5 STRUCTURAL MATERIALS 

p rov ide  the s t r e n g t h  and support  for the capsule assembly, 
The m a t e r i a l s  used i n  these components a re  chosen on the  
bas i s  o f  t h e i r  s t r e  
res is tance,  and re1  i.ve c o e f f i c i e n t  o f  expansion. For 
mos t requ i rements, 
s t a i n l e s s  s tee l s ,  A luminum i s  p r e f e r r e d  for l a r g e r  assembl ies  

, f o r  t h e  minimum l u b r i c a t i o n  app l i ca t i ons .  

.. 
By de f  in ' i  t i on ,  s t r u c t u r a l  components a r k  expected to  

th, modulus o f  e l - a s t i c i t y ,  ' co r ros ion  

i s  b o i l s  down to aluminum a l l o y s  and 
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where weight i s  a prime consideration or  where high expansion 
p las t ics  must he used, Stainless steel  i s  preferable i n  
miniature assemblies using h ighly  f i l l e d  p l a s t i  
and r i g i d i t y  are the pr inc ipal  bbject ives,  Goo 
dictates  that  a l l  s t ructura l  metals of a capsJ1 
equivalent properties. (see Table 
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6.0 DESIGN CONSIDERATIONS 

The prev ious  sec t ions  have in t roduced the capsule 
assembly, i t s  terminology, the concepts o f  i t s  des ign and 
the m a t e r i a l s  most f r e q u e n t l y  used i n  it. Th is  s e c t i o n  d i  
cusses the performance c o n d i t i o n s  and in fo rma t ion  r e q u i r e  
ments to develop an e f f e c t i v e  assembly. Although each o f  
these t o p i c s  may be t r e a t e d  i n d i v i d u a l l y ,  t he re  a re  many 
i n t e r r e l a t i n g  requirements which m u s t  be considered col- 
l e c t i v e l y  for a r e l i a b l e  i tem o f  hardware. 

6.1 MECHANICAL CONSIDERATIONS 

6.1.1 Dimensional - The f i r s t  l i m i t a t i o n  normal ly  
imposed upon a ca su le  design i s  the avai  l a b l e  s i z e  and 

s igns,  For capsule assemblies, too  o f t e n  l i m i t a t i o n s  
a re  p laced upon thef'dimensions which impose r e s t r i c t i o n s  
upon the performance o f  the device.  L i m i t e d  space i s  there-  
fore o f t e n  a c o n t r i b u t i n g  f a c t o r  to the f a i l u r e s  o f  the u n i t s i  

Th i s  should not' necessar 0 1y be the case i f  adequate 
space al lowance i s  made a t  the t ime of i n i t i a l  system design 
F igure 12 and 13 show curve's o f  recommended dimensions for 
the capsule b a r r e l  ( i ,e . ,  the c y l i n d r i c a l  p o r t i o n  c o n t a i n &  
i n g  r i n g s  and brushes. These dimensions i n d i c a t e  minimum 
dimensions f o r  maximum r e l i a b i l i t y .  Reductions i n  s i z e  
may r e q u i r e  compromises o f  one o r  more opt imum.features.  
Smaller capsules c a n , o f  course be b u i l t  w i t h  the bas i c  
r e l i a b i l i t y  f o r  t h e i r  app l i ca t i ons .  For maximum r e l i -  
a b i l i t y ,  dimensions a t  or near those i n d i c a t e d  w i l l  a l l o w  
for proper design o f  a l l  components. 

the capsule assembly than any o the r  component. ?he gage and 
number of leads requ i red  g r e a t l y  a f f e c t  the dimensions of 
the assembly. 
number of c i r c u i t s ,  the lead diameter and the  minimum c l u s t e  
d i ameter e 

I n  view o f  the c j - i t i c a l  requirements f o r  small s i z e  . 
and maximum number o f  c i r c u i t s ,  cons iderable e f f o r t  has ' ' 

been expended to e f f e c t i v e l y  reduce the  space r e q u i r e d  by 
the leads. Lead wgre w i t h i n  the capsule i s  h e l d  to minimum 
s i z e  by s u b s t i t u t i o n s  o f  spec ia l  t h i n  w a l l  i n s u l a t i o n s  or-. 
b use o f - s m a , l l  Q;D. magnet w i r e  jumpers,(.Se,e Figs, 15 and 

Leads ex te rna l  
16878 Type ET cons t ruc t i on .  T h i s  c o n s t r u c t i o n  o f f e r s  the 
mfninium diamFter co ined w i t h  ample e l e c t r i c a l  cha rac te r -  . 
i s t i c s  for most Ins umen t sys terns a 

shape. Space i s  a 7 ways a c r i t i c a l  i tem i n  m o s t  system de- 

6.1.2 Lead Wire - Lead w i r e s  occupy more volume w i t h i  

F igure  14 shows the r e l a t i o n  between the 

1 i ), to the capsule a r e  normal ly  o f  MIL-W- 
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L A P  SOLDER J O I N T  

TEFLON I NSULAT 1 ON 

( F I L M  OR VARNISH) 

FIG. I 5 .  LEAD-TO-LEAD CONNECTION LAP SOLDER JOINT 

TEFLON PNSULATI  

T U B I N G  (MYLAR, FBRMVAR, ETC. 1 

LEAD WIRE ~ S ~ R A ~ D ~ ~ ~  

FIG. 16: THIN WALL I N S U L A T I O N  WITHOUT JUMPER 
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Table I V  shows the p r i n c i p a l  dimensions o f  Tef lon 
i n s u l a t e d  w i r e .  30 AWG w i r e  normal ly  i s  used i n  m i n i a t u r e s  
because i t s  combinat ion o f  s ize,  c u r r e n t  capac i t y  and handl -  
i n g  c h a r a c t e r i s t i c s  make i t  m o s t  s u i t a b l e  i n  these components, 

6.1.3 CaDsule Weisht - The we igh t  o f  a completed cap' 
su le  assembly normal ly  presents  no problems. The l a r g e s t  
percentage o f  the we igh t  i s  accoun ted ' fo r  by the leads. The 
lead length, and consequently the lead weight  i s  normal ly  
c o n t r o l l e d  by the system designer.  The nex t  l a r g e s t  p e r - .  
centage o f  the weight  i s  i n  the s t r u c t u r a l  members. Due to 
t h e  m i n i a t u r i z a t i o n  o f  the  e n t i r e  component, i t  i s  m o s t  
f r e q u e n t l y  the space occupied by these members and n o t  
necessa r i l y  t h e i r  we igh t  which presents the problem. Nor- 
ma l ly ,  there  i s  ve ry  l i t t l e  which can be  done t o  c o n t r o l  
capsule weight, b u t  f o r t u n a t e l y  t h i s  i s  n o t  c r i t i c a l  w i t h  
most m i n i a t u r e  un i ts ,  

6.1.4 Bearinqs - Most m i n i a t u r e  bear ings used i n  
capsule assemblies have crown r e t a i n e r s .  Recent work has 
shown the r i bbon  r e t a i n e r  t o  be super io r .  When a bear ing  
w i t h  a crown r e t a i n e r  begins to f a i l ,  whether due to con- 
taminat ion,  a l u b r i c a t i o n  breakdown, or b r i n e l l i n g  o f  the 
b a l l s  and races, the r e s u l t i n g  roughness can cause one o f  
the ears o f  the  crown t o  bend outward and consequentty l ock -  
up the bear ing.  Continuous o s c i l l a t i n g  motions a lso  can 
cause t h e  crown r e t a i n e r  t o  bend outward due t o  the i m -  
pac t  o f  the b a l l s  as they s h i f t  under the o s c i l l a t i o n .  

outward re1 i e v i n g  o f  the r e t a i n e r .  Consequently, the poss i -  
b i l i t y  o f  a locked-up bear ing i s  g r e a t l y  reduced. Whi le the 
use o f  a r i bbon  r e t a i n e r  does n o t  prevent  bear ing  roughness 
due to  contamination, l u b r i c a t i o n  breakdown, or b r i n e l l i n g  
o f  the b a l l s  2nd races, i t  does g r e a t l y  reduce the poss i -  
b i l i t y  of such a bear ing  s e i z i n g  and des t roy ing  a capsule 
(and p o s s i b l y  a system). Although bear ing  roughness i s  
c e r t a i n l y  undes i rab le  i n  an assembly, i t  i s  b e t t e r  than a 
t o t a l  f a i l u r e  due to a seized bear ing.  

The des ign o f  the r ibbon r e t a i n e r  bear ing  avoids any 

Consequently, the use o f  bear ings w i t h  r i bbon  r e t a i n e r s  
i s  recommended whenever such bear ings can be obtained, There 
a re  some 1 i m i t a t i o n s  o n  the u s e , o f  r i bbon  r e t a i n e r s  because,. 
bear ing  manufacturers do n o t  p r e s e n t l y  supply m i n i a t u r e  
standard p r e c i s i o n  bear ings o f  a l l  s i zes  w i t h  r i bbon  r e t a i n e r s  

o the r  thari double 'shielded bear ings due to c k i t i c a l  a x i a l  
l eng th  requirements, Enough leng th  should be al lowed to 
inc lude  the use o f  double shie4ded bear ings for severa l  
reasons: t h e j s h i e l d  keep any undes i rab le  products  generated 
i n s i d e  the capsule ay from the bear ings and they keep 
undes i rab le  p roduc t  
as w e l l  as p r b t e c t  e u n i t  from o u t s i d e  contamination. 

Many a p p l i c a t i o n s  i n  ex is tence now r e q u i r e  bear ings 

from the bear 1 ngs away from the  contac ts  
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6.1.5 Axial Play and Radial Play - The control of 
freedom between the rotor and stator i s  a critical but 
difficult point to clarify. Ideally, to prevent per-formance 
effects upon the contacts, no axial or radial play should be 
permissible. Axial play affects the longitudlnal a1 ignment 

' of the brush and changes can affect wear. Radial play affects 
the brush force or position. Changes o f  the alignment in 
these dlrections can also affect noise, Excesslve axial play 
will affect capsule performance, particularly under vibration 
and shock where the effect of end play on noise Is m o s t  pro- 
nounced. 

It lis therefore apparent that ldw axial play i s  more 
Important than low radial play. That Is, the radial play . 
has less effect on the performance than the axial play. 
However, radial play and axial play are related. A bearing 
with high radial play has less deflection under load, and a 
higher thrust capability than a bearing wlth low radial play. 
Consequently, for low axial play requirements, it i s  better ' 

to use bearings wlth hlgher radial play. 

and stator due to temperature extremes. Such changes can 
actually Impose preloads to the bearings or create excessive 
end play. 

Axial play Is sensitive to changes of length of rotor 

The opposlte of play In the assembly Os, of courseJ 
preload. In concept) a properly preloaded assembly would have 
all of the play removed and a small load applied to the bear- 
ings whlch would preclude any play until this load had been 
reversed by some external force. 

This Is not desirable I n  practlce.for several reasons, 
Preloads cause deflections In the. bear,itigs and other com- 
ponents which contribute to misal ignment of the contacts 
and stressing of bearings and components, The performance 
o f  bearings is marginal In .the pre-loaded state with the 
minimal 1ubrI-catlon permissible In capsules. A l s o  pre- 
loaded capsule bearings can actually be damaged due to 
temperature changes and resulting differential expanston. 
The result i s  that preloads are not practical for bearings 
in capsules,, 

The specific selection and control of end play (or 
preload) must be based upon the need for brush to rln 
accuracy and stabl-lit b upon the rotor and stator des gn, 
and the cholce of balr bearings. This play should be defidd 
at a specTfIed temperature, under a predeterhtned reversfn 
axial test load, For highest rellablllty mintature assembl e$ 
this pla Is normally ,0001 to ,0003 inches a t  room tempera- 
ture a t  a00 gram re erslng load, 

c 

9 
9 
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I n  a d d i t l o n  to  the cons ldera t fons  above, It i s  l m -  
p o r t a n t  t h a t  the a p p l i c a t i o n  impose no ex te rna l  loads upon 
t h e  capsule assembly as a r e s u l t  o f  the method o f  mountfn 

consfdered i n  the capsule design. 

- 6.1.6 Modes o f  Motion - E l e c t r i c a l  no i se  and l i f e  
can be s i g n i f i c a n t l y  a f f e c t e d  by the motion o f  the  un i t ,  
A1 though the re  is,  a t  present, no known way to q u a n t l t a t l v e l y  
analyze the s i g n i f i c a n c e  o f  the va r ious  parameters concerned 
w l t h  the modes o f  motion, a few f a c t s  a re  known about the 
e f f e c t s  o f  the  modes of motion. 

r l n g  capsule assembly migh t  exper ience i n  use: F l r s t  f s  
r o t a t i o n ;  second, i s  o s c i l l a t i o n  - o f  e i t h e r  random or 
f t x e d  ampl i tude and frequency? and third, Is r o t a t i o n  super- 
imposed on o s c i l l a t i o n .  Under a l l  c o n d i t i o n s  of motlon, 
sur face  speeds for w f r e  brushes should be l i m l t e d  to va lues 
which w i l l  n o t  cause sur face damage (40 or 50 f e e t h i n u t e  
for go ld) .  

If such supplemental loads m u s t  e x i s t  they 'must  be c a r e f u  4 l y  

There a re  b a s l c a l l y  th ree  modes o f  motlon whfch a s l i p  

The e f f e c t  o f  a mot lon mode Is most o f t e n  noted i n  
the con tac t  wear and nolse. Th is  Is the r e s u l t  o f  the  
mechanics o f  the brushesp the  t raverse  o f  the wiper  on 
the r i n g  and the d i s t r i b u t i o n  o f  accumulated wear debr9s. 

The w?per  Is caused t o  f l e x  by t h e  f r l c t l o n  fo rce  o f  
the contac t .  A t  a reve rsa l  o f  the d l r e c t i o n  o f  motlon t h i s  
f l e x u r e  changes,, c r e a t l n g  an Increase o f  instantaneous con- 
t a c t  res i s tance  (no lse) .  S i m i l a r l y  s topp ing  and s t a r t l n g  
generates noise due to the  d i f f e r e n c e  between s t a t l c  and 
dynamic con tac t  res is tance.  As the  wfpe'r: moves across the 
con tac t  surface, mlcroscopfc  wear d e b r i s  1 s  created, some 
o f  which adheres t o  the brush and some t o  the r i ng ,  Thf s 
Is to  be expected w l t h  any s l  I d l u g  meta ls  w l t h  or w t  thout  
l u b r i c a t f o n ,  The brush pushes much o f  the adherent p a r t f -  
c u l a t e  d e b r l s  ahead o f  it, Upon reve rsa l  o f  d i r e c t i o n ,  
the change o f  wiper  mot ion causes some o f  the d e b r i s  to be 
t r a n s f e r r e d  t o  the r i n g .  Repeated reve rsa l s  a t  the same 
p o i n t  w i l l  c rea te  an accumulation o f  the  debr l s  a t  a p o l n t  
which w l l l  I n t e r f e r e  p l t h  the con tac t  and i t s  c o n t f n u l t y  
on succeeding t rave rsa l s .  Consequently, o s c l l l a t i o n  Is * 

gene ra l l y  agreed to be the most severe mode o f  motion. 

To prevent  th'e compaction of wear deb r l s  a t  0ne point, 
by extended per fods of. o s c l l l a t f n  motloo, spme systems 

r e v o l u t l o n s  every h a l f  m l l l l o n  o s c l l l a t l o n s ,  Such a program 
a l s o  prevent? the  hardening o f  o rgan ic  f l l m s  and the ex- 
cess ive  formatton o q a x t d e  ftlms whtch may b u l l d  up on non- 
gold surfaces. 

x 

have been planned so t h a t  they w l  3 1 b e , r o t a t e d  50 to 100 
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At present there Is no quantitative method for extra- 
polating performance data obtalned in one mode of motlon 
to one of the others, It is advisable that the actual 
performance mode be deflned as closely as possible to 
enable use of the best designs and simulated tests for the 
actual mode. However, a design whlch performs well In one . 
mode would be expected to perform relatlvely well in anothe 

6.2 ELECTRICAL DESIGN CONSIDERATIONS 

The slip ring capsule assembly Is not a clrcuit ele- 
ment. It i s  a closely packed group of transmfsslon llnes ' 

whIch happen to rotate. As such, It must be capable of 
transmltting the slgnals required of each function wlth 
minimum impedance and negl fgtble interference between 
functions. Just as each transmfsslon line is designed 
specifically to most efficiently conduct the required 
signals or power, to a lesser degree so should a slip ring 
capsule circuit, 

mlght well expect to see heater, motor power, thermo- 
couple, resolver, accelerometer, gyro ground and other 
clrcults. Each functfon would have Its own requirements for 
current, reslstance, voltage, frequency, isolation and 
lnterference, Normal practlce is to destgn all clrcults 
of a capsule assembly ldentlcally, but a hlgh reliabflity 
goal for clrcults and capsule would dictate speclalized 
deslgn requirements for each function. 

In a hfgh performance guldance system slip ring, we 

6.2.1 Current - Since each set of circults may have 
a different function, each set of clrcults wfll require a 
different current level. Each circuit qan be most efficlent 
only If It Is deslgned for Its own current requirements, 
In addition, all clrcults contrlbute to the heatfng wlthln 
the capsule and are dependent upon the total conffguratlon, 
The clrcufts current requirement must also be consldered 
collectively In the.design of the capsule assembly. 

A1 1 current ' 1  Iml tations on the capsule assembll and 
Its clrcults depend upon,the relatfve rates of heat Y ng and 
cool Ing and the temperature 1 Iml tations of the capsule 
assembly and its compronents, Every portlon of the electrl- . 
cal circults wlthln the capsule generate heat due to current 
passing through leads, rings, brushes and jofnts, Heat Is 
dissipated by conductfon through leads and moun$Ing surfaces 
to the system, Normal temperature Ifmitations are based -* 
upon the thermal Offects on the materla1.s ? #  the. capsule: 
plastlcs dfstort, brushes stress relieve) and soft solder 
me1 ts, 
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S p e c l f l c a l l y J  the  c u r r e n t  l i m i t a t l o n  o f  a g lven c l r -  
c u l t  depends upon the s i z e  and m a t e r i a l  o f  the brushes and 
leads, The brush w i r e  has the h ighes t  r e s l s t l v l t y  o f  the 
capsule c i r c u i t  and o f t e n  the smal les t  area. The heat  
generated In  the brush must n o t  be s u f f i c i e n t  to cause 
s t r e s s  r e l l e f  o f  the  brush w f r e  even w i t h  the  comblnat ion 
of the  tempera.ture r i s e  I n  the  brush and the ambient 
temperature I n  the capsule. Th ls  de f i nes  a c u r r e n t  r a t i n g  
for the  l n d i v l d u a l  c l r c u l t .  The c u r r e n t  r a t l n g  for  a c l r -  
c u l t  Is t h a t  c u r r e n t  which the c l r c u l t  must be capable of 
c a r r y i n g  on a contfnuous basis, 

The e n t l r e  capsule mus t  be capable o f  diss1patOng the 
heat  generated by a l l  c f r c u l t s  a t  the same time, T h i s  does 
not mean t h a t  the capsule must w i ths tand  the combined heat -  
i n g  o f  a l l  c i r c u i t s  each conduct ing i t s  maximum cu r ren t .  
I t  does mean t h a t  the m o s t  e f f i c i e n t  deslgn o f  a capsule 
w i l l  be based upon t h e  maximum simultaneous c u r r e n t  r e -  
qu i red.  Such a r a t i n g  can bes t  be expressed as the sum of  
squares o f  the maximum simultaneous c u r r e n t  o f  each c i r c u i t .  

I t  I s  f e a s i b l e  to operate a c I r c u ? t  a t  over load cur-  
r e n t s  o f  dura t fons  l ess  than a few seconds. I t  Is a l s o  
p r a c t i c a l  to operate capsule assembl l e s  beyond the maximum 
t o t a l  load  for a few mlnutes. ThIs type o f  performance 
should be planned i n t o  the  design. 

F l n a l l y ,  I t  should be noted t h a t  the c u r r e n t  c a p a b l l i l t y  
o f  a capsule depends t o  a very g rea t  e x t e n t  upon method o f  
mountfng, the l eng th  o f  the leads and t h e  ambient pressure 
and temperature, 

Wi th  these c r l t e r f a  i n  mind, I t  Is w e l l  to  poOnt o u t  
t h a t  few, I f  anyJ m i n l a t u r e  capsule assembltes a re  designed 
f o r  l ess  than one ampere maximum i n d i v ? d u a l  c l r c u l t  c u r r e n t  

u n i t s  can s a f e l y  handle 1 / 2  ampere squared or  h lgher ,  

For the most e f f ? c l e n t  and r e l i a b l e  capsule deslgn, 
the l n d i v l d u a l  c I r c u l t  c u r r e n t  ra t fng ,  the  t o t a l  capsule 
load r a t i n g  and any over load requrrements should be de- 
f tned for the ca'psu l et des l gner * 

6.2.2 Vol taae - Two vo l tages  are lmpor tant  On the  
des lgn o f  a s l i p  k i n g  c i r c u i t .  F i r s t  Is the o p e r a t i n g  
v o l t a g e  l e v e l  o f  the c l r c u l t  w l t h  respect  to ground or t o4*  
adjacent  ~ f r c u i t s ' , ~  Th is  vo l tage  w l t h  sel9tabl8 s a f e t y  fac to rs  
Is the vo l tage  for  which the I n s u l a t i o n  o f  the c i r c u i t  must 
be designed. As an opera t i ng  voltage, the c l r c u l t  must wi th-  
stand I t  unddr a l l  opera t l ng  environments. The opera t i ng  e 

v o l t a g e  Is t h e r e f o r 4  a f a c t o r  I n  the c h o k e  of  l ead  h s u l a -  
tion, b a r r l e r  mater f  1. and b a r r l e r  dlmenstans, 

. M o s t  o f  these capsules are  capable o f  a t o t a l  load 
o f  ratlnt I /  ampere squared per c i r c u i t  w h i l e  the b e s t  deslgned 

b 
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Second Is the open c i r c u l t  v o l t a g e  o f  the  functlon, 
T h i s  Is the vo l tage  which would appear across the s l f p  
r i ng -b rush  contac t  i f  the con tac t  were to open, The open 
c i r c u i t  vo l tage  I s  the  vo l tage  ava i lab le ,  therefore,.to break 
down f i l m s  which migh t  develop on the  contact .  Wlth open 
c i r c u l t  vo l tages  less than one v o l t ,  p a r t f c u l a r  ca re  must 
be taken i n  cho ice  and p repara t i on  o f  m a t e r f a l s  to prevent  
formatfon. o f  f I lms  under extended 1 i f e  condl  t ions. 

6.2.3 C i r c u i t  Reslstance - Contact member res l s tance  
depends upon r i n g  res is tance,  brush res is tance,  and c o n t a c t  
res ls tance,  I n  normal appl  i ca t ions ,  the con tac t  member 
res i s tance  i s  about 50 mtl l lohms,  maximum. Ne i ther  c o n t a c t  
res  i stance nor con t a c t  member res  is tance can be measured 
for a normal capsule. 

The c i r c u i t  res l s tance  Is l a r g e l y  determined by the 
leads3 t h e l r  slze, m a t e r i a l  and leng th  as w e l l  as any 
connectors on the leads. Table I V  and V w i l l  serve as 
a 1 i m i t i n g  guide for w l r e  s i zes  normal ly  used I n  m l n i a t u r e  
s l f p  r i n g  capsule assemblies. The s t a t l c  c i r c u i t  res is tances  
I n  a completed assembly are an e x c e l l e n t  measure o f  the 
q u a l i t y  o f  the c o n s t r u c t l o n  o f  the  u n i t  s ince any bad connec 
tfons w i l l  be revealed. 

s l i p  r i n g s  are  normal ly  o f  l i t t l e  concern i n  the des lgn o f  
the capsule. The o n l y  concern regard ing  frequency i n  the 
capsule Is t h a t  o f  coup l i ng  between adjacent  c i r c u i t s  or 
to ground. When c i r c u i t s  a re  operated In  the  range o f  audTo 
frequency o r  below, there Is o n l y  n e g l l g l b l e  coup l i ng  be- 
tween c i r c u i t s .  I f  c e r t a i n  c i r c u i t s  w i l l  be operated a t  
e leva ted  frequencies o r  can t o l e r a t e  o n l y  very  l o w  coup lhg ,  
those c l r c u i t s  should be I d e n t i f i e d  for specta l  deslgn con- 
s i de ra t l on .  

6.2.5 Capact tance - The e l e c t r  I c a l  capact tance be- 
tween t w o  surfaces i s  de f i ned  as the r a t l o  o f  the  charge 
which can be s to red  between the surfaces to  the p o t e n t l a l  
a p p l i e d  t o  them. Capacitance I s  n o t  normal ly  a s f g n i f l c a n t  
problem except as concel'ns h i g h  frequency s igna l  c i r c u l t s  
or when c r o s s t a f k  may become a problem. Th is  Is extremely 
f o r t u n a t e  because the re  is ve ry  l i t t l e  which can be done In  
m i n i a t u r e  capsules ta a l t e r  the c i r c u l t  capacitance, The . .e 

capacftance i s  dependent upon component sizes and I n t e r n a l  
spaclng which are determined by o v e r a l l  u n i t  deslgn, 

The capac?ta,nce r a t i n g  f o r  a u n i t  can o n l y  be a r a t 1 6 9  
o f  the i n t e r n a l  capsule capacl tance. T h e - l e d  length, size,- 
and r o u t l n g  of the ex te rna l  leads w i l l  have a f a r  g rea te r  
e f f e c t  on the  capaci tance than the I n t e r n a l  con f l gu ra t l on .  
I n t e r n a l l y  the capa 1 be of the  order  of 100 pf 
w h i l e  the  leads can d 400 pf. The capaci tance 
r a t f n g  i s  a r a t i n g  c1 tance of each cfrcuf t to 
a l l  o t h e r  c i r c u i t s  

6.2.4 Frequency - Signal  f requencies o f  Inst rument  

.. 
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TABLE V - PROPERTIES OF STRANDED COPPER W I R E  

I I 

CII 
3 a 

20 
.001022 3 . 540 
.009672 19/32 1216. 

700 0 

19/34 754.1 

0 1 662 .01481 ,015560 

.01375 -014760 

.023 15 . 02445 

.02183 .02363 

2.23 .0303 

2 e 448 .0320 

1.435 . 0243 
1,557 0 0255 

.8933 ,0192 

22  
.O 1570 

24 
7/32 I 448.0 02601 

.02514 19/36 I 475.0 

26 
.04222 

.03412 .03731 

. 05926 .06353 

e 05680 .06305 

.. 09260 ,10030 

,08733 ..09855 

28 . 06929 
.I102 ' 

.I120 

7/40 I 67.27 1926 

19/44 I 76.00 

34 7/42 f 43.75 
36 

(Hudson W1 re Cpmpany) 
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6.2,6 I n s u l a t i o n  Resfstance - I n s u l a t i o n  r e s i s t a n c e  
i s  the res l s tance  between c i r c u i t s ,  I t  I s  a f u n c t i o n  o f  
the design o f  the assembly, the choice o f  dielectric mater Ip ls ,  
I t  Is not normal ly  a f fec ted  by the i n s u l a t i o n  res fs tance o f  , 

T e f l o n  i n s u l a t e d  ex te rna l  leads. I n  the capsule assemblies 
many exposed conductors a re  separated by o n t y  a mfn fmum 
o f  d i e l e c t r i c  surface. The l n s u l a t l o n  resistance Is there-  
f o r e  a f u n c t i o n  o f  the sur face cleanness o f  the d i e l e c t r i c  
m a t e r l a l ,  I t  I s  p a r t i c u l a r l y  dependent upon the mofsture 
abso rp t l on  o f  the p l a s t i c ,  I t s  i n t e r f a c e s  and the ambient 
humid1 ty,  

For b e s t  design, p l a s t i c s  must be se lec ted  on the bas l s  
o f  t h e i r  volume and sur face r e s i s t i v i t y  I n  a d d i t i o n  to  t h e i r  . 
mechanfcal, chemlcal, thermal, and o t h e r  e l e c t r i c a l  p roper t l es ,  

Under room c o n d l t l o n s  ( ! . e . ,  20 - 25°C and less  than 
70% r e l a t i v e  humid i t y )  I n s u l a t i o n  res is tances  I n  excess o f  
1000 megohms can be expected on a l l  designs. Above 85% 
R. H. when the mois tu re  absorp t ion  and sur face r e s i s t t v l t y  
o f  a l l  p l a s t l c s  become s l g n i f i c a n t ,  the f n s u l a t f o n  res fs tance  
can be expected to  d e c l i n e  on m i n i a t u r e  capsules, Above 95% 
R. H, mo is tu re  may a c t u a l l y  condense on b a r r i e r  surfaces and 
damage to the assembly can r e s u l t  from a p p l l c a t l o n  o f  voltage, 

6.3 PERFORMANCE CONSIDERATIONS 

I s  the v a r i a t i o n  o f  c i r c u i t  res ls tance,  Thls  Is o f  course 
dependent upon the c o n t i n u i t y  o f  leads, and connections, 
and, most o f  a l l ,  the u n f f o r m l t y  3 f  con tac t  res ls tance,  
De fec t i ve  leads w i t h  broken s t rands or Imper fec t l y  formed 
j o i n t s  can c o n t r i b u t e  s i g n i f i c a n t  no lse to the c i r c u i t .  
These, however, a re  n o t  normal1y.problems In  modern assemblies, 
Sel f -generated no ise  I s  o f t e n  o f  g rea t  concern to s l i p  r f n g  
capsule users, With m i n i a t u r e  p r e c l s l o n  capsules o f  
design, o p e r a t i n g  a t  low speed, t h i s  no ise  Is n e g l f g  ble, 
befng l ess  than 10 m ic rovo l t s ,  Th l s  Is the case because con- 
t a c t  m a t e r i a l s  a re  u s u a l l y  w e l l  matched i n  the rmoe lec t r i c  
p o t e n t i a l ,  the low sur face  speed does n o t  generate h Igh  
temperatures,, and the s e r i e s  arrangement o f  brushes and rOngs . 
has a c a n c e l l r n g  e f f e c t .  

The res l s tance  due t o  the vary Ing  pa th  l eng th  between' 
the r t n g  Jo i fn t  and the moving brush produces a no lse  o f  
low frequency, ThJs frequency corresponds to the frequency 8 

o f  the mot ion between the brush and the  j o In t ,  'Th is  noise-.* 
Is o f  such 7qw amp1 1 tude and frequency as tq be Ins  l g n l  f I - 
can t  i n  most app l i ca t fons .  

d 

6.3.1 Nbise - Noise as observed f n  a capsule assembly 

good 

e 

The most s t g n l ' f f c a n t  no ise I n  any con tac t  assembly i s  ,s 

the  v a r l a t f o n  i n  req fs tance between the con tac t  members. 
T h i s .  1 s - c r e a t e d  as c: e moving brush encounters va r ious  con- 
d i t i o n s  on the  s u r f a  e o f  the rfng. Such c o n d i t f o n s  tnc lude 

- 44 - 



c lean  surfaces, sur face  flaws, wear fragments, f i l m s  o f  
ox ide  or o rgan lc  ma te r la l ,  and dus t  or contarnlnants, The 
degree o f  no ise w l l 1  depend upon the res i s tance  o f  the con- 
d l t i o n  encountered, i t s  l o c a t i o n  I n  the  brush path,'and the 
brush dynamics, Th is  type o f  no ise  is a f f e c t e d  cons ider -  
a b l y  by the mode o f  mot ion as discussed prev fous ly .  

The no lse  is u s u a l l y  r e p e t i t i v e  for a few r e v o l u t l o n s  
a t  a g i ven  p o i n t  on t h e  r i n g  l oca t i on ,  I t  Is e n e r a l l y  a 
pu lse  o r  a s e r i e s  o f  pulses. I t  w i l l  then be w 3 ped away by 
the  a c t i o n  o f  the  brush contact ,  

Noise can be c o n t r o l l e d  i n  des ign o f  u n i t s  by the proper 
des ign o f  brush and r i n g  c o n f i g u r a t i o n  t o  mlnimtze the ext rane-  
o u t  mot ion  o f  the contact ,  The f i l m  type noise can be reduced 
by cho ice  o f  con tac t  m a t e r i a l  surfaces. External  contamlnat lon 
o f  contac ts  can be e f f e c t i v e l y  prevented by assembly under 
c o n t r o l l e d  c lean cond i t ions .  I n t e r n a l  contaminat ion can be 
c o n t r o l l e d  by the proper choice o f  o rgan ic  m a t e r i a l s  for use 
i n  the assembly. F i n a l l y ,  the noise can be c o n t r o l l e d  to 
some degree by the  Increase o f  brush f o r c e  a t  the expense 
of g rea te r  wear p a r t i c l e  fo rmat ion  and h igher  torque. 

Since no ise  i s ,  I n  par t ,  the  r e s u l t  o f  the wear partDc1e 
genera t ion  and the format4on o f  con tac t  f i l m s ,  I t  w i l l  gener- 
a l l y  increase w i t h  time. Operat ing t i m e  increases the  q u a n t i t y  
o f  wear debr is .  S t a t i c  per iods  a l l o w  the format ion o.f o x i d e  
o r  o rgan lc  f i l m s  on m o s t  materia. ls. I t  f s  t he re fo re  adv lsable , 

t o  p l a n  f o r  some increase i n  no ise  as t i m e  o r  l i f e  occurs*  
Capsules s to red  for an extended p e r f o d  o f  t I m e  should be 
g iven a r u n - i n  o f  a hundred o r  so r e v o l u t i o n s  before use. 

I t  i s  t o  be expected t h a t  any s l f d i n g  meta ls  w i l l  
exper ience a d e t e r i o r a t i o n  In performance, due to operat ion,  
Th is  should be r e a l l z e d  by s l i p  r l n g  users and a deslgn 
al lowance made I n  s e t t i n g  f o r t h  the s l i p  r l n g  and system 
requirements. I n  fac t ,  the requirement should be based upon 
the system requirement and n o t  an a r b i t r a r y  maxlmum. 
example, a no ise  pulse o f  150 ml l l i ohms  w i l l  n o t  a f f e c t  the 
system performance, then i t  Is u n r e a l l s t i c  to r e q u i r e  a 15 
m i  1 1  iohms peak-to-peak maximum no lse  throughout the 1 i f e  tes t ,  
I n  fac t ,  the deslgn requ i red  to  meet the l a t t e r ,  va lue  may be 
beyond the realm o f  the intended system; I n  cost, funct lon,  
and d I mens I ona 1 r equ f fernen t s . 

With h l g h e s t  performance capsules, It Is reasonable to e 
expect,wIth h i g h  p r o b a b i l i t y ,  a maxlmum peak noise l e v e l .  &.* 

below 10 mj1lIohms-when new, inc reas ing  to a paxfmum o f  25 
mfll lohms. or l'ess a f t e t  5000 hours o f  opePatlbn, Some a re  
even be ing  produced which can mafn ta fn  h i g h  p r o b a b i l i t y  a t  
10 m I l l f o h m  I F v e l s  for 5000 hours. 

I f  for 
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6.3,2 Torque - Torque as considered i n  s l i p  r i n g  
capsules I s  the f r i c t i o n a l  torque r e s t r i c t i n g  the f r e e  
r o t a t i o n  o f  t h e . r o t o r  w i t h  respect  t o  the s t a t o r ,  I n  
p r o p e r l y  cons t ruc ted  u n l t s ,  i t  i s  almost e n t l r e l y  dye to  
the rubb ing  of  the contacts ,  Torque 1s a f u n c t i o n  o f  the  
number of c l r c u i t s ,  the  number o f  brushes, the shape o f  the  
s l i p  r i n g  groove I n  which the  brushes are  pos i t ioned,  the 
c o e f f i c i e n t  o f  f r i c t i o n  between the  two 'mat fng contacts,  
t he  brush force, the s l i p  r l n g  diameter, and the env i ron-  
ment, Bearings used i n  capsule assemblies do not s i g n i f l -  
c a n t l y  add to  the  torque unless seals  a re  used. 

Requ?rements o f  a u n i t  which Increase the diameter 
of the f i n i s h e d  s l i p  r i n g  sub-assembly have a d i r e c t  e f f e c t  
on torque. As the number o f  leads. and t h e i r  s i z e  Increaseg, 
t h e  s l i p  rJng dfameter Jncreases and torque does a lso ,  Use 
of  a r e i n f o r c i n g  element i n  the r o t o r  w i l l  increase the  d l a -  
meter o f  the r o t o r  and, consequently, the torque. 

Extreme c a u t i o n  should be used to ensure t h a t  t he  
torque requirement and the no lse  requirement a re  compat- 
i b l e .  Since noise i s  a f u n c t i o n  o f  the brush fo rce  and 
the number o f  contacts,  no lse may a l s o  be considered a 
func t i on  o f  the  torque. The maximum torque must be h i g h  
enough to  a l l o w  t h e  use o f  con tac t  m a t e r i a l s  and brush force 
which w i l l  be needed to  meet the performance requirements 
o f  the  assembly, The torque requirement should, i n  f a c t o  be 
de f i ned  a f t e r  the o t h e r  cond i t i ons  are  known, r a t h e r  than 
before,  to prevent  any cornproml se I n  performance. 

I f  torque i s  a p a r t i c u l a r  problem I n  a g iven system, 
then the knowledge o f  the f u n c t i o n  o f  the  i n d i v i d u a l  c l r -  
c u l t s  becomes extremely important,  Torque may be lowered 
by u s i n g  lower brush forces on c i r c u i t s  where the e l e c t r l -  , 

c a l  no ise  requlrement i s  n o t  c r l t i c a l . ' I f  the no lse  r e q u l r e -  
ment i s  c r i t i c a l ,  then the  use o f  m u l t i p l e  brushes can 
g r e a t l y  increase t h e  no ise  r e l i a b i l i t y  as long as the  torque 
requirement is compat lb le;  t h a t  Is, i f  the brush f o r c e  o f  . 
each brush can be mainta ined and the number o f  brushes 
doubled, the nolse w i l l  be reduced conslderably .  Too o f t e n o  
when a t tempt ing  t o  use m u l t i p l e  brushes i t  1s necessary to 
reduce the brush fo rce  o f  each brush In  order  to  meet the f: 
torque requirements, whfch may r e s u l t  i n  an increased number , 
o f  contac ts  wi thout a, s i g n i f i c a n t  reduc t i on  I n  the noise 
l e v e l  e 

assumfng a va lue  of  

. L  

Deslgn est lmates may be made b it 
3 gram cent lmeterz  torque per  c i r c u  Y t per  inch bf capsule *., 
diameter. - 
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6.4 ENVIRONMENTAL DESIGN CONSIDERATIONS 

7 The s l i p  r i n g  assembly m u s t  be capable o f  pe r fo rm ln  
I t s  requ f red  func t ions  w i t h i n  the system envlronment, Th s 
envfronment inc ludes n o t  o n l y  the e l e c t r i c a l  and mechanical 
Inputs  a l ready  discussed, b u t  a l s o  the chemlcal, thermal 
and a d d i t i o n a l  mechanical c o n d l t l o n s  imposed by the system 
upon the capsule. 

6.4.1 Temperature .. Temperature as an environmental 
f ac to r  Is important, There a re  bo th  h i g h  and low tempera- 
tu res  which the m a t e r i a l s  used i n  capsule assemblles can 
w l ths tand  and t h r e  a re  l l m i t a t i o n s  beyond whlch the  capsule 
can n o t  r e l i a b l y  perform. The l i m i t a t i o n s  on the capsule 
a re  always more s t r i n g e n t  than those on the  mater ia ls ,  and 
u s u a l l y  l e s s  s t r i n g e n t  than for the system, 

Temperature a f f e c t s  p re load and a x i a l  p l a y  o f  bearings. 
For a l l  assemblies there  are d i f f e r e n t i a l s  o f  expansion r a t e  
for  r o t o r  and s t a t o r .  Changes o f  temperature, therefore, w i l l  
cause d i f f e r e n c e s  I n  the r e l a t i v e  l eng th  a l t e r i n g  the a x l a l  
p l a y  o r  preload, A t  low temperatures, t h i s  normal ly  tends 
t o  t i g h t e n  the adjustment and a t  hfgher temperature to loosen 
It. E i t h e r  c o n d i t i o n  can cause performance e f f e c t s l  I f  . the 
capsule was n o t  designed f o r  the s p e c i f i c  temperature or  
tempera t u  r e  range a 

When .considering the upper temperature 1 I m l t ,  the 
temperature r i s e  w f t h f n  the capsule must be added t o  the 
amblent temperature, When excessive, the temperature can 
have a d e t e r i o r a t i n g  e f f e c t  on the capsule assembly I n  
severa l  ways. The temperature can become severe enough to 
c rea te  I n t e r n a l  s t resses w l t h l n  the s l  Ip, r i n g  or brush sub- . 
assembly whlch w i l l  cause f a i l u r e . o f  the u n i t  due to d f s t o r -  
t l o n  o f  the  p l a s t i c .  I n  add i t ion ,  t h e  excessive temperature ’  
can cause f a l  l u r e  o f  so lder  J o i n t s ,  Extreme temperatures 
for long per iods  can cause s t r e s s  r e l i e f  o f  con tac t  mater-  
i a l s  and/or r e l a x a t i o n  o f  brush force. Both can produce 
changes o f  wear, no ise  and f r i c t i o n  performance. Outgasslng . 
tendencies o f  p l a s t i c s  a r e  increased by increased temperature 
r e s u l t i n g  i n  a greater  o rgan ic  contaminat ion o f  the contac ts  
which f u r t h e r  a f f e c t s  the no ise  c h a r a c t e r f s t i c s ,  . .  

C l r c u f t  res i s tance  a l s o  Os changed significantly by 
change o f  temperature. There Is approximately a 20% In-  0 
crease l n  the maximum DC res l s tance  o f  the  conducgor of 
#30 AWG lead w i r e . o v e r  a temperature r i s e t f r o m  68 
w i t h  a s i m i l a r  change A t  l o w  temperatures, 

to 168°F 
I 

The prob,lems Imposed by temperature extremes can be 
o f f s e t  by proper 
re1  tab1 1 1  t y  not impose excess lve temperature 
r e s t r t c t I o n s  

and m a t e r i a l s  chotces, Most hlgh la 
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6.4.2 Pressure - The e f f e c t  o f  the ambient pressure 
upon the performance o f  capsule assemblies i s  q u i t e  s i g n i -  
f i c a n t  i n  several  respects.  

Reduced pressures i n  the range between atmospheric 
and about one m i l  1 imeter o f  mercury a re  ,normal ly assoc ia ted  
w i t t i  a i r c r a f t  a l t i t u d e s .  I n  t h i s  pressure range the  reduced 
a i r  d e n s i t y  decreases the  convec t ive  p r o p e r t i e s  o f  the a t -  
mosphere and reduces the heat  t r a n s f e r  f r o m  the capsule. 
Operat ion i n  reduced pressures, therefore,  necess i ta tes  
s p e c i f i c  p r o v i s i o n s  f o r  assur ing  thermal conduct ion paths 
f o r  heat  t rans fe r . ’  Even w i t h  the b e s t  conduct ion paths 
for capsule generated heat, the capsule must s t i l l  be de- 
r a t e d  below i t s  c u r r e n t  r a t i n g  a t  atmospheric pressure. 

I 

The d i e l e c t r i c  s t reng th  o f  a i r  i s  decreased a t  reduced 
pressures. The breakdown vo l tage  f a l l s  o f f  con t inuous ly  
from atmospheric t o  pressures o f  about one m i l l i m e t e r .  Be- 
l o w  t h i s  pressure, the breakdown v o l t a g e  r i s e s  again. The 
lowest breakdown vo l tage  i s  about 300 v o l t s  and occurs a t  
about the same pressure f o r  o t h e r  gasses as w e l l  as a i r .  
Although some s o l i d s  can a l s o  s u f f e r  a l o s s  o f  breakdown 
s t r e n g t h  a t  reduced pressures, the p l a s t i c s  i n  use i n  most 
s l i p  r i n g  capsules do n o t  decrease i n  d i e l e c t r i c  s t reng th  
a t  reduced pressures. Exposed contac ts  such as s l i p  r i n g  
o r  brush assemblies should n o t  be subjected to vo l tages  a- 
bove 300 v o l t s  a t  pressures around 1 mm mercury (100,000 ft.). 

The lower ing  o f  the pressure increases the  v o l a t i l i t y  
and the evapora t ion  r a t e  o f  any m a t e r i a l .  Th is  causes an 
e v o l u t i o n  o f  the more v o l a t i l e  c o n s t i t u e n t s  f r o m  s o l i d s  and 
l i q u i d s .  The same occurs w i t h i n  a capsule assembly. Lower 
molecular  we igh t  polymers’ a re .evo lved from the p l a s t i c s .  
Th is  increases the tendency f o r  t .hese,materials to impinge 
upon prec ious  metal  surfaces to f o r m  contaminant f i l m s  o r  
con tac t  polymers. To prevent  outgass ing o f  these l o w  mole- 
c u l a r  we igh t  ma te r ia l s ,  p l a s t i c s  must be se lec ted  for t h e i r  
complete r e a c t i v i t y ,  be f i l  l e d  to the  maximum extent ,  and 
be complete ly  cured. 

As the pressure i s  f u r t h e r  lowered in to  the  h i g h  vacuum I ,  

range, v o l a t i  1 i t y  i s  increased, reducing the f i l m  forming 
tendencies. Fi lms do not form r e a d ’ l y  because o f  the  low . 
c o n c e n t r a t i o n  af molecules. A t  I O m A  Torr., i t  takes about‘ ’ 

one second to  form a monomolecular layer ,  thereby l i m i t i n g  

h i g h  wear-rat.e a ear. ly f a i l u r e ,  Special- p rkcaut ions  
can be taken i n  s l i p  r i n g  capsule des ign to enable e f f e c t i v e  
vacuum operat ion,  but o f t e n  a t  the c o s t  o f  l a r g e r  s i z e  and 
h ighe r  torque due t b  seals, spec ia l  brushes9,etc.  . 

the M i n i m u m  p e r i o d  between wipes o f  the same area. The t 
e f f e c t  o f  h i g h  v urn on both  contac ts  and bear ings i s  --* 

i 
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6.4.3 Humidi ty  - Mois ture on the  con tac t  sur faces o f  
the s l i p  r i n g  l u b r i c a t e s  and helps to  prevent  wear. A t  ve ry  

n e g l f g i b l e  and h i g h  wear can r e s u l t  un less  specfal  precau- 
t l o n s  a re  taken. 

c i r c u i t  d i e l e c t r i c  s t r e n g t h  and i n s u l a t i o n  res is tance.  F i r s t  
o f  a l l ,  mo is tu re  Is absorbed by p l a s t i c s  under h i g h  humidlty, 
caus ing a reduc t i on  o f  the volume r e s f s t l v f t  and d i e l e c t r i c  

l a t e s ,  I n  microscopic  I n t e r f a c e s  between components, and be- 
€ween p o o r l y  adherent p l a s t l c  surfaces. This  moisture, a long 
w i t h  the  minute depos i ts  o f  s a l t s  f r o m  processing, handling, 
and t h e  atmosphere,produce sur face leakage paths and potent: 
fa1 d i e l e c t r i c  f a t l u r e s .  Thi rd ,  the mois tu re  is absorbed 
by p a r t i c l e s  exposed on the surfaces o f  b a r r i e r s  between, 
a l s o  reducing the e l e c t r i c a l  i n s u l a t i n g  c h a r a c t e r l s t l c s .  
Each o f  these e f f e c t s  c o n t r i b u t e s  t o  a general e l e c t r i c a l  
l n s u l a t l o n  reduc t i on  du r ing  and a f t e r  prolonged exposure to 
h i g h  humidi ty.  

Be low 70% r e l a t i v e  humid i ty  a t  room temperature, t he re  
Is no s l g n i f l c a n t  e f f e c t  from the atmpspheric mois ture.  A t  
h igher ,va lues,  . t h e  e f f e c t  becomes grea ter .  Prolonged ex- 
posure a t  any e leva ted  humid i ty  increases the mois tu re  ad- 
s o r p t i o n  and reduces the i n s u l a t i o n  res is tance.  Th is  i s  
p a r t i c u l a r l y  acute w i t h  exposure t o  extreme humid i ty  c y c l -  
ing. Extreme c y c l i n g  can cause condensation on the  r i n g s  
and b a r r l e r s  because o f  temperature changes and inadequate 
a I r  c i r c u l a t i o n  i n  the semi-enclosed capsule. Obvlously, 
water d r o p l e t s  w i l l  c rea te  e l e c t r i c  f a i l u r e s  in  any device. 

- High humidl t y ’ c a n  cause swe l l  Yng. i;>f p l a s t l c s  due to 
the adsorbed moisture,  F i l l e d  p l a s t i c s ,  I n  whfch f i l l e r  can 
r e a c t  w i t h  mo is tu re  o r  where the f i l l e r  i s  n o t  w e l l  bonded 
t o  the  res in ,  can be more a f f e c t e d  than the  u n f i l l e d  mater-  
i a l s .  Such s w e l l l n g  w i l l  producfng warp ing e c c e n t r l c l t f e s  
where u n i t s  a re  n o t  symmetrical. 

Exposure t o  h i g h  humld l t y  can d e t e r l o r a t e  bear ings and 
reduce t h e i r  l i f e  cons iderably .  The 400 s e r i e s  s t a l n l e s s  ’ 

s tee ls ,  requ i red  i n  m o s t  bear ings f o r  h tgh  performance l i f e 9  
a re  less  co r ros ion  r e s i s t a n t  than o t h e r  s t a i n l e s s  s t e e l s  ’ 

and are  susceptable t o  corros ion.  F r e t t i n g  (rubbfng) co r ros fon  
of b a l l s ,  races and r e t a i n e r s  ,is q u i t e  probable under ext remely 
humid cond i t ions .  -** 

H igh pe;formance‘of bear tngs’, p l a s t i c s  and contac ts  Pn 
mtn la tu re  assemblies i s  n o t  r e a d i l y  ob ta lnab le  under a l l  . 
l e v e l s  of hu tn id i ty  posure, Except ional  performance under 
these c o n d i t i o n s  r i r e s  p recaut ions  and treatments wh?ch 
can Impose severe I g n  r e s t r l c t t o n s ,  For t h i s  reasono 

. low humid i ty  (more than 5 % ) ,  t h f s  l u b r i c a t t n g  e f f e c t  i s  

High humid i t y  w i l l  g r e a t l y  reduce the capsule assembly 

s t r e n g t h  o f  the p l a s t i c  m a t e r i a l .  Second, mo Y s t u r e  accumu- 

1 -  ~ t 
i t 
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c a r e f u l  cons lde ra t l on  must be g iven the humfd l ty  r e q u l r e -  
ments. Since m o s t  m i n i a t u r e  capsules are  components of 
la rger ,  more complex, and more s e n s l t i v e  systems, humfd l ty  
requirements should be commensurate w i t h  the  expected con- 
d i t i o n s  w l t th ln  the system. Also e l e c t r l c a l  requfrements for 
d i e l e c t r i c  s t r e n g t h  and i n s u l a t i o n  res i s tance  must be de ra ted  
a f t e r  exposure to  non-operat ing humld i ty  where thorough ln -  
t e r n a l  d r y i n g  has n o t  been assured. 

c a l  environments a re  w e l l  understood by most engineers con- 
cerned w l t h  components and systems. They are n o t  s i g n i f f -  
can t  des ign problems for s l i p  r i n g  capsule assemblles, A t -  
.though capsule assembl i e s  can read 11  y be des 1 gned for severa l  
tfmes the requfrements Imposed upon them by the systems, 
severa l  p o i n t s  a re  wor th  the cons ide ra t i on  o f  the  systems . .  
engineer , 

The m o s t  severe mechanical envlronment I s  the one Im- 
posed by the  capsule mountlng method. S o l i d  mounting t o  
r o t o r  and s t a t o r  can Impose severe s t resses on the  bear ings 
and sub-assembl i'es due to mlnute mfsal  fgnment between cap- 
s u l e  and system, Loose mountlng can allow r o t o r  o r  s t a t o r  
to move w l t h l n  the  s s tem lmposlng unexpectedly h i  h vlbra- 

f o r  the ro tor  (or s t a t o r )  to be r i g l d l y  mounted and the 
o the r  to be f l e x i b l y  mounted w i t h  clamping. T h i s  prevents  
bo th  undue b fnd ing  and shock and v i b r a t i o n .  

The c r l t i c a l  fo rces  on the  capsule a re  mot ions f n  
the d i r e c t i o n  and the frequency range which a f f e c t  the 
brush force, o r  o f  the frequency and d i r e c t i o n  to move 
the rotor a x i a l l y  aga ins t  the bearings:: The brush fce- 
quency Is normal ly  w e l l  above the imposed mechanical 
frequency spectrum. The r o t o r  frequency w i t h  more than ,001 
end p l a y  I s  o f t e n  w I t h i n  the requ i red  spectrum, The per -  
mfssable G loads o f  bo th  r o t o r  and brush are  f a r  above those 
imposed by the mechanical envfronment so t h a t  no e f f e c t  on 
opera t fon  can normal t y  be detected, 

6.5 APPLICATION REOUIREMENTS SHEET 

To a i d  the s l l p ' r l n g  manufacturer I n  rev lewlng  the . ,* 

requfrements fo r  a s l i p  r i n g  capsule assembly, an "App l l -  
c a t i o n s  Requirements" sheet has been Included. ThOs sheet 

~ Is a b r l e f  summary o f  the tn fo rmat ion  needed by- the s l 1 p  
r f n g  manufacturer,._for a g iven design, and It used proper l?? 
can become an e f f e c t l v e  tool Pn s l i p  r i n g  des ign develop- 
ment. ( A  copy Is i nc luded on the  f o l l o w l n g  pages for 
reference.) f ee -F ig ;  16-A and Fig, 16-8) 

i 

6,4.4 V i b r a t i o n ,  Shock and Acce le ra t i on  - These mechanl- 

t l o n  ot shock G l eve  'c s on the capsule, I dea l  mount 9 ng 1s 
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APPLICATIONS REQUIREMENTS 
P - $  P N S h e e t  1 o f  2 i 

. .  
PART NO. REV. PROGRAM 

SPEC. NO. ' REV. NO. OF C I R C U I T S  

TYPE OF A P P L I C A T I O N  

M A T E R I A L  

. .  
STRUCTURAL 

I 

LEAD WIRE:  CONDUCTOR 

I N SUL AT I 0 N 

M I L - W - 1 6 8 7 8 D  TYPE AWG # STRANDING 

MAX. O.D. (OVER I N S U L A T I O N )  

E L E C T R I C A L  
, 

MEGOHMS @ . VOLTS D.C. M I N .  I N S U L A T I O N  RESISTANCE:  

MAX. D I E L E C T R I C  STRENGTH VOLTS (AC/DC)FOR SEC. (MAX. ) 
t 

MAX. CAPACITANCE pf (@ LEAD LENGTH OF INCHES). 

CURRENT LOADING CI C I R C U I T S  SHALL CARRY THE MAXIMUM . .  

THE CURRENT THROUGH THE R E M A I N I N G  
8 

RATED CURRENT SIMULTANEOUSLY. 

C I R C U I T S  SHALL BE 

CONTACT RESISTANCE V A R I A T I O N  ( N O I S E )  

-- rn 
* 



APPLICATIONS REOUIREMENTS 
Sheet 2 o f  2 

ENVIRONMENT : 

Normal Operat lng Environment: Humidi ty % 
Tempe r a t u  r e  
Pressure (Torr.) 
F1 u i d/Gas 
Other 

"C 

Maximum Non-Operating " C  
M i  n imum Non-Opera t i ng 
Maximum Operat ing ' O C  

M i n i mum . Ope r a t i ng 
Amb i e n t  Opera t i ng 

O C  

O C  

O C  

Temperature.: . 

Pressure: Maximum Non-Operating 
Minimum Non-Operating 
Maximum Operat ing 
Minimum Operat ing 

Humid i ty :  Max. R.H.(Non-Oper.) @- O C  

O C  Max. R.H. (Oper.) @- 

V i b r a t i o n :  

Shock: 

G. (Maximum) 
Freq. Band CPS 

G. (Maximum) 
Dura t i on  Millisec. 

6. (Maximum), 
Dura t i on  Seconds 

Y 

Acce le ra t i on :  

MECHANICAL: 

Capsule Weight: (Max.) Gms. 
Housing O.D.: Inches 

, 'Length ( O v e r - a l l ) :  Inches 
Torque (Max. - S t a r t i n g )  : Gm-Cm 
A x i a l  Play:. Max i mum M i l s . ,  

' Minimum' * M t l s .  

"c 
M i  Is, 
M i  1 s,. 
Gms. 
O C  

Revers i ng Load Gms 

Ffg, 1.7-8 
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7 . 0 CONNECTIONS 

Each connect lon which must be made from one-conductor 
t o  another i s  a p o t e n t i a l  p o i n t  f o r  u n r e l i a b l l l t y  I n  a 
system. The same i s  t r u e  for  every component and capsule 

' s l i p  r i n g  assemblies a re  no except ion.  

Every capsule assembly has a t  l e a s t  t w o  connections; 
one f r o m  the  r l n g  to I t s  lead  ( o r  te rmlna l )  I n  the  s l  I p  - 
r i n g  sub-assembly, and another from the  brush to I t s  lead 
(or te rm ina l )  I n  the brush assembly. Add i t t ona l  J o i n t s  o f t e n  
are  necessary I n  m i n i a t u r e  u n i t s  where small  s l z e  Jumpers 
are  used t o  connect the contac ts  and t h e i r  respec t ive  e x t e r -  
na l  leads or terminals .  

A l l  types o f  J o i n l n g  processes can be used I n  these 
assemblles; so lder ing,  weldlng, and p l a t i n g  a re  amon the 

assembly are a l l  l i m i t e d  I n  a v a l l a b l e  space, Most a re  en- 
capsulated I n  p l a s t i c  and consequently, when completed, a re  
not se l  f-dependent for  rnechanlcal s t rength.  

7.1 R I N G  CONNECTIONS 

A l l  th ree  p r t n c l p a l  processes are  used to make r l n g -  
to - l ead  Jo ints ;  so lder ing,  we ld ing  and p l a t i n g .  Each method 
has I t s  own p a r t i c u l a r  advantages and disadvantages which 
make I t  s u i t a b l e  for s p e c i f i c  app l i ca t i ons .  

a v a r f a t  r on o f  the c a s t l n g  process, and consequently these 
r i n g s  are  o f  the preformed o r  p recu t  type, The r i n g - t o - l e a d  
J o i n t s  for such r l n g s  are  normal ly  made by s o l d e r i n g  or 
welding. Both processes are be ing  used e f f e c t i v e l y ,  b u t  
bo th  can have s i g n i f i c a n t  problems I n  the  manufacture o f  
t h I s  J o i n t .  

m o s t  f requent.  The Jo ln ts  w l t h f n  the m l n i a t u r e  capsu B e 

Man m i n i a t u r e  s l l p  r l n g  sub-assemblies are made b y  

Most h i g h  p r e c l s l o n  r i n g s  are made o f  metals w l t h  
h l g h  percentages o f  go ld  or s i l v e r .  Both o f  these meta ls  
f o r m  a l l o y s  o f  poor m e t a l l u r g t c a l  q u a l i t y  w i t h  the lead 
1 n . s o f t  solder, The temperature for such J o l n t s  must be 
c a r e f u l l y  c o n t r o l l e d  and t ime o f  a p p l i c a t i o n  l i m i t e d  to 
prevent  t h l s  I n t e r m e t a l l i c  a l l o y  from forming a poor q u a l l t y  

res is tance.  I n  add i t i on ,  res idua l  so lder  f l u x  can mtgrate., 
to the r l qg ,  causlng con tac t  res is tance.  .. 

These same r i n g  m a t e r i a l s  have h i  h e l e c t r i c a l  and 

J o i n t  w l t h  l o w  mechanical s t r e n g t h  and h Igh  e l e c t r t c a l  0 

o' Y 

thermal cond c t f v l t y ,  Th i s  c rea tes  a d 7 f f f c u l t  s e t  of 
c o n d l t l o n s  f 3 r res lq tance  weldfng also,  Very high energ ies 



are  requi red,  causing embr i t t lement  o f  lead w i r e s  wfthout 
e f f e c t i v e  w e l d l n  un less weld cond i t i ons  are  proper I n  a l l  

be produced under c a r e f u l l y  c o n t r o l l e d  idea l  cond i t ions ,  

Where r i n g s  are  e lec t ro fo rmed In  place, a process of  
e l e c t r o d e p o s i t i o n  to  the lead w l r e  may be used. Th ls  p ro -  
cess a l s o  requ i res  c a r e f u l  c o n t r o l ,  Preparat ion,  cleaning, 
and p l a t i n g ,  improper ly  performed can cause Incomplete 
bondfng and inadequate adhesion. Entrapped p l a t l n g  so lu -  
t i o n s  can cause lead or j o i n t  cor ros lon .  T h t s  p a r t l c u l a r  
t ype  o f  J o l n t  necess i ta tes  t h e  use o f  an in termedfate solid 
lead w i r e  to  prevent  c a p i l - l a r y  f l o w  o f  p l a t i n g  so lut ion 
in to  the  stranded lead w i re .  

respects.  S u f f i c  9 e n t  heat  for adequate weld fus ion  can o n l y  

The r i n g - t o - l e a d  J o i n t  requ i res  about the g r e a t e s t  
mechanfcal s t r e n  th  du r ing  manufacture o f  any capsule 
j o l n t .  Rings, wh 3 ch a re  to be cast, m u s t  be ab le  to w i t h -  
stand load ing  i n t o  molds. A l l  j o i n t s  must w i ths tand  the 
d l f f e r e n t i a l  expansion between p l a s t i c  and leads and a l l  
must p rov ide  some mechanical l o c k i n g  aga ins t  poss ib le  
r o t a t i o n  o f  the r i n g  d u r i n g  machining o f  the r i n g  surface. 
Most capable manufacturers have developed one o r  more o f  
these processes to a quality, controllable process, 

7 . 2  BRUSH CONNECTIONS 

I n  m o s t  a p p l f c a t l o n s  the lead i s  j o ? n e d  d i r e c t l y  to 
the brush by so lder ing .  This  Is t r u e  f o r  bo th  c a s t  and f o r  
p res t ressed brush assembl ies, Solder ing prov ides good 
e l e c t r i c a l  connect ion w i t h o u t  annea l l l ng  the brush ma te r fa l ,  
T h l s  does have a disadvantage w i t h  h i g h  go ld  conten t  brush 
a l l o y s  where the s o l u b i l i t y  o f  the brush i n  the mol ten 
so lder  Is high, I n  such cases, precaut'ions must be taken 
to prevent  poor j o i n t s  f r o m  t h l s '  so lu 'b l l  I t y .  

Resistance we ld ing  i s  app l i cab le  t o  brush j o i n t s  o n l y  
where t h e  e n t i r e  mechanfcal support  i s  obta lned f r o m  the 
surrounding p l a s t i c  and no mechanical s t reng th  i s  dependent 
upon the weld. Such J o i n t s  a re  p r i n c i p a l l y  app l i cab le  and 
d e s i r a b l e  where the brush i s  j o f n e d  d i r e c t l y  t o  a very  short 
lead  or te rmina l  which must be subsequently soldered. Un- 
encapsulated weld j o j n t s  have not been successful  because 
o f  the m e t a l l u r g i c a l  t rans format ion  o c c u r r i n  I n  the heat  .* 

sequent loss o f  qechanfcal s t reng th  and sp r ing  character isEIcs,  

the brush i s  connected d i r e c t l y  i n t o  a grooye i n  the brush 
u n c t f o n  bar.  Th l s  in te rmed ia te  connect ing J o l n t  for t h e  i'b rush  and f h s  respec t i ve  lead adds a jo in t ,  b u t  p rov ides  

for enca su ta ted  1 s and for  accurate brush al lgnment, 
(F ig .  l l y .  The b r u  J o l n t  I s  a so lder  j o i n t  because it' 
prov ides  t h e r e n t i t  echanlca l  support  and the e l e c t r i c a l  
c o n t i n u t t y  to the b w s h ,  

. 

' "  

a f f e c t e d  zone o f  the small diameter w i r e  g l v  3 ng a con- 

-* b 

I n  the J u n c t l o n  p l a t e  type prestres,sed;brush assembly, 
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When t h e  j u n c t i o n  bar  concept is u t i l l z e d ,  the j o l n t  
between the lead and the bar must be o f  a h i g h  temperature 
type to avo ld  damage t o  t h l s  j'oofnt by the subsequent brush 
s o l d e r l n g  opera t ion .  Most f r e q u e n t l y  t h l s  Is .done by 
res i s tance  we ld ing  a l though h i g h  temperature s o l d e r i n g  or 
o the r  processes may be employed e f f e c t f v e l y  by component 
manufacturers. 

7.3 LEAD CONNECTIONS 

I n  severa l  concepts, such as the e lec t rodepos i  t l o n  
method, leads must be connected to o the r  leads w l th fn  the 
capsule assembly (F ig ,  15) .  Such a j o l n t  has t r a d i t i o n a l l y  
been made by s o f t  so lder ing ,  These j o i n t s  when p r o p e r l y  
made, are q u i t e  adequate prov ided bo th  leads are encapsu- 
l a t e d  In  p l a s t l c  f o r  a t  l e a s t  three lead diameters and t h a t  
no o t h e r  J o l n t  w i l l  be made i n  the lead c l o s e r  than about 
ten lead dlameters. 

Where leads must be connected to te rmina ls  for sub- 
sequent s o l d e r i n g  operat ions,  the temperature o f  the f f r s t  
J o i n t  m u s t  be capable o f  temperatures a t  l e a s t  100°F above 
the m e l t l n g  p o l n t  o f  the f l n a l  so lder .  

7.4 RECOMMENDATPONS 

I n  t h i s  sec t l on  we have mentioned b r l e f l y  the j o l n t s  
which must be made In  every m i n l a t u r e  capsule assembly and 
Ind l ca ted  some o f  the problems and engfneer ing which m u s t  
be considered I n  the  design and manufacture o f  these com- 
ponents. There is  no "across the board" answer to the 
ques t ion  o f  how t o  j o l n  t w o  subcomponen$s. These dec is lons  
m u s t  be made by the  component manufact.urer based upon the 1 

1 l m l t a t l o n s  o f  the capsule design and the process lng tech- 
nlques a v a l l a b l e .  

I t  was s t a t e d  t h a t  every J o i n t  Is a poss ib le  p o i n t  
o f  u n r e l t a b l l f t y .  T h i s  Is s t l l l  t rue.  I t  Is also t r u e s  
however, t h a t  w i t h  adequate processes a v a i l a b l e  to most 
component manufacturers and w i t h  j o i n t s  encapsulated 
securely, the f a i  l u r e  r a t e  for l n t e r n a l  encapsulated 
J o i n t s  Is so small  as b e d  n e g l l g l b l e  e f f e c t  i n  any system.. 
re1 I a b i l i t y  eva lua t ion .  

t r o l s  on processes supplfmented by p rec fse  c t r c u l t  res is t - ' *  
ance measurementsbn each sub-assembl 

for these j o i n t s ,  

Where ou ts tand ing  r e l i a b i l i t y  i s  demanded, , r f g l d  con- 

and/or: representa- 
t f v e  t e s t s  can p rov ide  a d d i t t o n a l  re1  Y a b l l f t y  demonstrat ion 
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( A )  F L A T  

( B )  U-GROOVE 

ROUND BRUSH 
90"V - GROOVE 

FORMED BRUSH 
90" V-GROOVE 

F I G .  18: 'CONTACT SHAPES 
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8.0 CONTACT SURFACE 

Because a s l i p  r i n g  capsule assembly m u s t  cont inuous' ly 
conduct e l e c t r i c  c u r r e n t  across a moving i n t e r f a c e  ( i .e,,  
the con tac t )  i n  a un i fo rm manner, the c o n d i t i o n s  a t  t h a t  
i n t e r f a c e  are  o f .  p a r t i c u l a r  importance t o  the performance 
o f  the c i r c u i t .  S t a b i l i t y ,  d i r t ,  contamination, f i n i s h  and 
wear a l l  c o n t r i b u t e  t o  the c o n t i n u i t y ,  or l a c k  o f  it, i n  
the c i r c u i t .  The p repara t i on  and c o n t r o l  o f  these surfaces 
a re  of p a r t i c u l a r  concern to the s l i p  r i n g  engineer .and the 
p r i n c i p l e s  should be understood by the users o f  these com- 
ponen t s , 

The t w o  major f a c t o r s  i n  the con tac t  sur face  des ign a re  
shapes and f i n i s h e s .  The shape o f  the r i n g  p r o f i J e  i n  which 
the brush r i d e s  determines, i n  pa r t ,  the  constancy, the l o c a l  
brush fo rce  and the contaminat ion s e n s i t i v i t y  o f  the con- 
tac ts ,  The sur face  f i n i s h  determines to  a l a r g e  e x t e n t  t he  
wear p a t t e r n  and the contaminat ion s e n s i t i v i t y  o f  the con- 
tac ts .  The con tac t  sur face m a t e r i a l s  have a r o l e  . in the  ' 

con tac t  performance and they have been p r e v i o u s l y  discussed. 
The cleanness and l u b r i c a t i o n  o f  the sur faces are  a l s o  
c r i t i c a l  t o  the  con tac t  operat ion.  We w i l l  now examine each 
o f  these concepts i n  g rea te r  d e t a i l .  

8.1 SHAPE 

The shape to  be considered f o r  the contac ts  i s  the 
c ross -sec t i ona l  form o f  the r i n g  sur face and the con tac t -  
i n g  brush a t  the p o i n t  o f  contact .  Three r i n g s  sur face 
shapes are  f r e q u e n t l y  used i n  s l i p  r i n g  design; f l a t ,  
U-groove and V-groove (F ig .  18). . 

The f l a t  sur face was the e a r l i e s t  and i s  the  s imp les t  
o f  the sur faces t o  produce. T h i s  i s  the  o u t e r  c y l i n d r i c a l  
sur face  o f  the r i n g .  The f l a t  sur face o f f e r s  no c o n s t r a i n t  
t o  the s idewise mot ion o f  the brush and consequently i s  
r e a d i l y  adaptable to u n i t s  w i t h  extremely loose to le rances  
between r i n g  and brush. The r i n g  must be wide enough- to 
accomodate.the range o f  brush p o s i t i o n s  t o  be expected. 
The f l a t  r i n g  does n o t  c o n t r i b u t e  any s t a b i l i t y  to  i h e  
brush t r a c k  and conse4uently produces the  h ighes t  no i se  -. 
when used w i t h  w i r e  brushes o n ' m i n i a t u r e  assembl ies.  Th is  
l a c k  o f  c o n s t r a i n t  a l s o  a l l ows  considerable wear due to 
the uns tab le  brush' t rack .  

The U-groove i s  a' round bottom grooGe, the r a d i u s  o f  
which i s  o n l y  s l i g h t l y  l a r g e r  than the brush rad ius.  Thi.s 
groove constca ins the brush to a narrower t r a c k  b u t  s t i l l  
a l l ows  a s i g r i i f i c a n  mount o f  freedom. L i k e  the f l a t  r ing ,  ' 

t h e  U-groove has on one p o i n t  o f  b rush - r i ng  contact .  The 
no ise  and weaE char e r  o f  the  U-g roove ' i s  s l i g h t l y  b e t t e r  
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than t h a t  of  the f l a t .  The to le rance on the groove rad ius  
i s  c r i t i c a l  for un i fo rm performance. 

The V-groove i s  a groove w i t h  V shaped p r o f i l e .  The 
radius,  i f  any, a t  the bottom o f  the groove i s  s i g n i f i c a n t l y  
smal ler  than the rad ius  o f  the brush. This  c o n f i g u r a t i o n .  
fo rces  the brush to r i d e  on the sides o f  the groove, g i v i n g  
t w o  p o i n t s  o f  contact ,  one to each s ide  o f  the groove. These 
two contac ts  produce a redundancy o f  con tac t  and the reac-  
t i o n  between the brush fo rce  and the  groove s ides to e f f e c -  
t i v e l y  s t a b i l i z e  the  brush from l a t e r a l  movement. The s t a b i -  
l i t y  and the brush f o r c e  bo th  can be increased for minimum 
no ise  by reduc in  the i n d i v i d u a l  angle o f  the V-groove. , 

Grooves between %O-90° have been found to  be optimum i n  
bo th  no ise  and wear. Because o f  the fo rce  r e l a t i o n s h i p s  i n  
t h e  contact ,  the f r i c t i o n  i s  g rea tes t  on the V-groove of 
these th ree  shapes., The V-groove requ i res  the most accurate 
al ignment between the brush and the r i n g  o f  any o f  the th ree  

. c o n f i g u r a t i o n s  discussed. 

Most o f  the  brush c ross-sec t ions  a re  c i r c u l a r ,  b u t  a 
few are  be ing  used which a re  e s s e n t i a l l y  rectangular ,  The 
rec tangu la r  brushes have no p a r t i c u l a r  advantages when used 
w i t h  a f l a t  or U-groove r ing ,  b u t  these brushes i n  a V -  
grooved r i n g  produce a s i g n i f i c a n t  improvement i n  noise 
performance p r i n c i p a l  l y  due to the abi  1 i t y  o f  the  rectangu- 
l a r  brush to  operate i n  the-presence o f  the  contaminat ion 
which i n e v i t a b l y  forms from the opera t i on  o f  these contacts .  

8.2 SURFACE F IN ISH 

For any geometry o f  s l i p  r i n g  contact ,  the most c r i t i c a l  
performance fea tu re  i s  the na tu re  o f , t b e  surfaces i n  contact ,  
Because o n l y  r e c e n t l y  has theory begun t o  e x p l a i n  the c r i t i -  
c a l l y  impor tant  b u t  t o t a l l y  empi r i ca l '  sur face f i n i s h  problem, 
the concern here need o n l y  be the q u a l i t a t i v e  concept o f  
sur face  f i n i s h .  

From the eng ineer ing  standpoint ,  t he  con tac t  "surface" 
c o n s i s t s  o f  the  m a t e r i a l s  o f  the contacts,  which d u r i n g  the  
l i f e  o f  the capsule, may be touched by  the opposing member. 
These sur face m a t e r i a l s  have unique p r o p e r t i e s  and character: 
i s t i c s  which can w i d e l y  d i f f e r  f r o m  those o f  the b u l k  metal. 
o f  the r i n g  or the  brush. The sur face " f i n i s h "  i s  the rough- 
ness and charac ter  o f  the sur face i n  the wear t rack .  

o f  the c m t a q t  surfaces. 
oper-ated for some time, the f i n i s h  i s  the  r e s u l t  o f  the wear 
and t r a n s f e r  o f  the  sur face  m a t e r i a l s  under the i n f l u e n c e  of'  
t h e  s l i d i n g  pond i t i ons .  7he na ture  o f  the  i n i t i a l  sur face  ~ 

w i l l 9  w i t h  o t h e r  ccrbdi t i o n s  be ing  the  same, determine the  

t 

The f i n i s h  G i g i n a l l y  i s  the r e s u l t  o f  t h e  processin+ 
For contac ts  which have been 



charac ter  o f  the s l i d i n g  surface. For example, a sur face 
which i s  n i t i a l l y  very  smooth w i l l ,  for most contacts,  
t r i g g e r  a v e r y  severe mode o f  wear o f t e n  c a l l e d  g a l l l n g  or 
se i zu re  w th  l a r g e  wear p a r t i c l e s  and h igh  f r i c t i o n .  Once 
I n i t i a t e d  a severe wear mode w i l l  con t inue i n d e f i n i t e l y  
u n t i l  the c o n d i t i o n s  pe rm i t  the m i l d  wear to be I n s t i t u t e d .  
A uniform sur face  which has been mechanica l ly  roughened w i l l  
e x h i b i t  a m i l d  mode o f  wear w i t h  ve ry  small, uniform, wear 
p a r t i c l e s .  A m l l d  wear mode, once s ta r ted ,  w f l l  not change 
w l  thout some e x t e r n a l  cause. 

The exac t  cause o f  t h i s  p a r t l c u l a r  phenomenon can o n l y  
be conjectured.  I t  i s  be l i eved  t h a t  bo th  the roughness of 
the sur face  and a.n assumed work hardening o f  a t h in  sur face 
l aye r  combine t o  p rov lde  a f i r m  t r a c k  for the s l i d f n g  brush, 
I t  has been demonstrated t h a t  a w e l l  prepared sur face can 
produce so l i t t l e  wear as to e l i m i n a t e  the necess i t y  for 
d e l i b e r a t e  con tac t  l u b r i c a t i o n .  

8.3 SURFACE PLATING 

The p l a t i n g  o f  the sur face w i t h  go ld  prov ides an exce l -  
l e n t  con tac t  sur face ma te r ia l ,  and a means f o r  c o n t r o l l i n g  
o f  sur face  hardness, As discussed before, go ld  is the l e a s t  
r e a c t f v e  o f  the meta ls  thereby o f f e r i n g  no o x i d a t i o n  and the 
l e a s t  tendancy for the generat ion o f  con tac t  polymer. 

o f  c e r t a i n  elements, the hardness o f  the  p l a t e d  sur face  can 
be r a i s e d  to va lues w e l l  above t h a t  o f  pure go ld  or compar- 
ab le  wrought a l l o y s  o f  h igh  go ld  content.  T h i s  hard depos i t  
o f  metal  produces an i n i t i a l  con tac t  sur face  which w i l l  have 
an e x c e l l e n t  wear mode. Th is  hard deposi t ,  even I n  a ve ry  
t h i n  layer,  can r e s u l t  i n  a 1ong.wearIng surface. 'The s l m l -  
l a r t t y  o f  the  wear from a hard  go ld  sur face  and a mat te  
f i n i s h e d  sur face  s t rongs ly  support  the b e l i e f  t h a t  the  sur-  
face hardened na ture  o f  the mat te  f i n i s h  accounts . fo r  the  
des I r a b i  1 i t y  of the process. 

When the go ld  Is co-deposl ted w f t h  very  small q u a n t i t l e s  

8.4 CLEANNESS 

. I n  o rder  t o  e f f e c t i v e l y  conduct an e l e c t r i c  c u r r e n t  a t  
l o w  vol tages, a s l l d f c l g  con tac t  m u s t  be ttclean". Clean In. .. 
t h e  sense used here means t h a t  I t must be f r e e  f r o m  l n s u l a t -  
I n g  oxides, f r e e  from the p a r t i c l e s  causing mechanical and 
e l e c t r i c a l  i n t e r r u p t i o n  o f  p a r t i c l e s ,  and f r e e  f rom lnsu la tb  
i n g  f f l m s  o f  h i g h  v i s c o s i t y  which can separate the contacteng 
members. * a 

the fo rmat ioh  o f  ox ides  prov ided any base meta ls  i n  the con- 
t a c t s  a re  sealed o f $  from m t g r a t l o n  or d f f f u s l o n  to the con- 
t a c t  su r face* -  

" -t . 

The use o f  g o l d  e f f e c t i v e l y  and conven ien t l y  prevents  
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P r o t e c t i o n  from p a r t i c u l a t e  contaminat ion i s  more 
d l f f i c u l t .  Non-conducting debr I s  can o r l g l n a t e  bo th  w i t h i n  
and w i t h o u t  the capsule. A l l  b u r r s  and loose p a r t i c l e s  o f  
p l a s t i c  i n  the capsule must be removed p r i o r  to assembly 
and the assembly must be preformed i n  c o n t r o l l e d  cond l t f ons  
p rec lud ing  non-conduct ln p a r t l c l e s  l a r g e r  than the average 
sur face f l n i s h  he igh t .  9 The wear p a r t i c l e s  generated b y .  
the  normal wear processes are to be expected and are not 
consldered as I n d l c a t f v e  o f  p z r t  cleanness even though 
they ve ry  d e f l n f  t e l y  a f f e c t  con tac t  performance.) 

The con tac t  surface must be f r e e  from f f l m s  o f  non- 
conducting mater fa ls ,  p a r t i c u l a r l y  h l g h l y  v lscous ones, Any 
non-conducting f i l m  w i l l  I n t r u d e  i n t o  the con tac t  area, 
i nc reas lng  the con tac t  res is tance to  some degree. I n  a s l l d -  
tng contact ,  brushes w l t h  l o w  fo rce  can e a s i l y  be hydro- 
dynamical ly  separated from the r l n g  by the a c t i o n  o f  v iscous 
f i l m s  on t h e  surface. The more v iscous the f l l m  the g rea te r  
the e f f e c t .  

Most o f  these can r e a d i l y  be prevented on the i n l t l a l  
sur faces by c a r e f u l  c lean ing  technlques. Where l u b r i c a t i o n  
Is a necess i ty ,  the s e l e c t i o n  and a p p l i c a t i o n  can be made 
t o  mln tml re  such problems due t o  0 1 1  f l l m s .  

Most f l l m  problems r e s u l t  from the i n t e r a c t i o n  o f  
o rgan ic  vapors and the  prec ious metal contacts .  Such prob- . 

lems a re  mlnlmIzed I n  p r e c i s l o n  assemblles by use o f  con- 
t a c t s  o f  the mlnlmum r e a c t l v I t y  o f  h fgh  go ld  conten t  a l l o y s .  
and the proper se lec t ion ,  process lng and cure  o f  a l l  organfcs 
requ l red  I n  the capsule, The c lean conditions are  mainta lned 
by p r o t e c t i v e  packaging and hand1 fng, 

I t  1s e q u a l l y  impor tant  t h a t .  t he  .c*l.ean c o n d i t i o n s  
es tab l i shed  i n i t i a l l y  I n . t h e  u n l t  be malnta lned I n  the  
system, A l l  o rgan fcs  used I n  an enclosed system con ta ln -  
I n g  a capsule s l i p  r l n g ' m u s t  be se lec ted  f o r .  t h e i r  low 
po lymer i za t l on  tendency and t h e i r  low outgass ing ra te .  

8.5 LUBRICATION 

go wear. The c leaner  the sur face the g rea te r  the wear. Some.. 
degree o f  l u b r i c a t i o n  must e x l s t  t o  prevent  gross s e l t u r e  
o f  the mat ing surfaces. L u b r i c a t i o n  on e l e c t r i c a l  con tac ts  
w i l l  occur f r o m  two  sources: the f i r s t  f r o m  o rgan ic  react lot9 
descr ibed above and t h e  second from d e l i b e r a t e  t l ubr ica t ion ' -  
of the  surface, 

hlgher,  the  presence o f  p l a s t i c  m a t e r l a l s  I n  and around 
the con tac t  w i l l  nonplally produce s u f f f c l e n t  l u b r l c a t l o n  
for the contac ts  o p e r a t i n g  under l i g h t  loads and reason- 
a b l y  l o w  sur face  spedds - say under.10-20 f e e t  pert,mInute. 

Meta l  sur faces s l i d i n g  I n  i n t i m a t e  con tac t  w i l l  under- 

" a  
" _  

With con tac t  m a t e r i a l s  of t he  n o b f l i t y  o f  go ld  or 
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For h i g h  forces, very  s o f t  m a t e r i a l s  or h i g h  speeds 
supplemental l u b r i c a t i o n  should be added to the con tac t  
i n  ve ry  l i m i t e d  q u a n t l t i e s .  The m a t e r i a l  should have a 
l o w  v i s c o s i t y ,  even l n  t h i n  f i l m s  and a t  the lowest 
temperatures o f  opera t ion ,  The m a t e r i a l  should not readf l y  
polymer ize to  produce v iscous products on the surface. 

Q u a n t i t a t i v e l y ,  the m a t e r i a l  should be a v a i l a b l e  on 
the sur face i n  l aye rs  o n l y  a few molecules t h l c k  t o  enable 
l u b r i c a t i o n  wi thout i n t r o d u c l n  the a d d i t i o n a l  problem o f  
ent rapping p a r t i c u l a t e  mater ia?  i n t o  the f i l m  and r e t a l n -  
I ng  It on the surface, . 

8.6 RECOMMENDATION 

I t  f s  be l i eved  t h a t  most manufacturers have deslgns 
and processes which produce adequate con tac t  performance 
f o r  many app l i ca t i ons .  Where r e l i a b i l l t y  o f  performance 1s 
t h e  foremost considerat ion,  surfaces should i nc lude  a V- 
grooved shape, f i n i s h e d  w i t h  a removable abras ive compound 
to about 32 mlcrofnches and f lashed w i t h  99% o l d  of a t  

such a contact, 
l e a s t  150 Knoop hardness. No l u b r l c a n t  Is des 4 r a b l e  for 
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9,O CONTACT ADJUSTMENT 

Contact adjustment i s  the accurate p o s i t i o n i n g  o f  
brush and r i n g  to assure t h a t  the con tac t  sur faces w i l l  
m a i n t a i n  r e l i a b l e  conduct ion under a l l  a n t i c i p a t e d  con- 
d f t l o n s  o f  operat ion.  Thls  inc ludes b o t h  the con tac t  force 
and the  con tac t  al ignment. The adjustment i s  normal ly  p ra -  
v tded b the  manufacturer to  the  c r i t e r i a  determined by 

i t  i s  impor tant  t h a t  the user understand the c r l t f c a l f t y  
o f  the adjustment and to some degree how i t  a f f e c t s : t h e  
a p p l i c a t f o n  o f  the u n i t .  

the app Y f ca t l on .  The d lscuss ion  Is Inc luded here because 

9.1 BRUSH FORCE 

The brush o r  con tac t  f o r c e  i s  the mechanical load  
m a l n t a i n l n g  the  c losu re  o f  the contacts .  The fo rce  enables 
the brush to ma fn ta jn  a l a rge  a r e a . o f  con tac t  so t h a t  
imper fect ions and o b s t r u c t i o n s  developed I n  opera t i on  are  
overcome w i t h  a minimum o f  res i s tance  v a r i a t i o n  (no ise) .  
I t  a l s o  enables t h e  brush contac t  to mechan lca l l y  break- 
down f i l m s  o f  ox ide  o r  polymer which may c h a r a c t e r i s t i c a l l y  
f o r m  on the con tac t  surface, Contact f o r c e  helps the con- 
t a c t  to wlpe as ide  wear deb r i s  which accompanies con tac t  
opera t ion .  On the o the r  hand the fo rce  causes the contac ts  
to exper ience bo th  f r i c t i o n  and wear, The choice o f  brush 
fo rce  m u s t  t he re fo re  be a j ud i cous  compromise between the , 

requirements o f  con tac t  noise, f r i c t i o n ,  and wear. 

ways produced by t h e  s p r i n g  character  o f  the brush which 
has been d e f l e c t e d  by the r l n g  member.(Fig. 1'9). Because 
o f  t h i s ,  the fo rce  on the contac t  a t  any i n s t a n t  Is g r e a t l y  
dependent upon a l l  o f  the f a c t o r s  which a f f e c t  the dynamic 
o p e r a t i o n  o f  the canti1.ever spr ing.  

I n  m f n l a t u r e  capsules, the brush fo rce  Is almost a l -  

Since the fo rce  Is crea ted  by d e f l e c t i o n  o f  the spring, 
, the r e l a t i o n s h i p  between fo rce  and d e f l e c t i a n  ( r a d i a l  com- 

p l i a n c e )  i s  q u i t e  c r i t i c a l .  F i r s t ,  the  nominal brush force 
m u s t  be h e l d  to reasonable tolerances, o f  the order  o f  one-. 
h a l f  o f  a gram. To see such a brush by de f l ec t i on ,  the , ,. 
compliance m u s t  be as l a r g e  as poss ib le  to enable maximum 
p r e c i s i o n  o f  s e t t i n g  to le rance t o  f a l l  w i t h i n  one or t w o  
thousandths o f  an- inch ( m l l s ) .  On . the  other. hand, h i g h  
compl lance ( 1  1mbe.r) brushes have a tendency ,to i n t e r a c t  
w i t h  the f r i o t l on  -forces a t  the surface,*anda deve lop-a  
" s t i c k  s l i p "  motion which produces a c y c l l c  brush f o r c e  
and a c y c l l c  noise. The b e s t  r a d i a l  compliance has been 
found to,.bs i n  the kange o f  4-5 mlls per  gram, 
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OPERATING POSITION 

FREE P O S I T I O N  OF BRUSH -_ 

DEFLECTION (d) IS CALCULATED TO RROVIDE. INTENDED BRUSH 
.FORCE 

F I G .  19: BRUSH SETTING 



Since the brush fo rce  i s  very dependent upon the  
s p r i n g  charac ter  o f  the brush, i t  i s  impor tant  t h a t  a l l  
brushes rece ive  u n i f o r m  prepara t ion .  I t  i s  impor tant  
t h a t  brushes be produced by a minimum o f  forming and s e t t i n g  
operat ions,  because o f  the e f f e c t s  o f  supplemental work ing 
on the p r o p e r t i e s  o f  the m a t e r i a l .  The mechanical forming 
o f  the brush to  c l o s e  tolerances, and t h e  use o f  designs 
which do not impose subsequent work ing o f  the brush con t r i -  
bu te  to un i fo rm brush performance. 

9.2 ALIGNMENT 

The misal ignment o f  the brush i s  the d is tance between 
the c e n t e r l i n e  o f  the groove and the  p o i n t  o f  e x i t  o f  the 
brush f r o m  i t s  mounting, (Fig.20 ) .  The misalignment, or 
alignment, o f  a brush t o  a r i n g  i s  dependent upon the  
accuracy o f  the r i n g  groove l o c a t i o n  to the a l i g n i n g  sur- 
face o f  the s l i p  r i n g ,  the accuracy o f  the brush mounting 
p o i n t  to  the brush assembly a l i g n i n g  surface, the to lerances 
on bear ings and al ignment surfaces, and t h e  s t ra igh tness  o f  
the brush i t s e l f .  The a1 ignment o f  the  brush to  the groove 
i s  impor tant  for two reasons: ( 1 )  brush s ide  loads, r e s u l t -  
i n g  from the d e f l e c t i o n  o f  the  brush sideways to  conform to  
a groove loca t i on ,  w i l l  add to the t o t a l  con tac t  force, in-  
c reas ing  f r i c t i o n  and wea‘r, and misal ignment o f  brushes atrid 
grooves even w i t h o u t  s ide  loads w i l l  c rea te  e c c e n t r i c  f r i c -  
t i o n  loads and can r e s u l t  i n  severe f r i c t i o n  moments, h i g h  
torque and wear. 

(The former c o n d i t i o n  can a l s o  occur w i t h  a l i g n e d  
brushes and grooves, where brushes have been d i s t o r t e d  
sideways from t h e i r  mounting and then a re  d e f l e c t e d  back 

‘ i n t o  a1 ignment.) .. 

n o t  normal ly  apparent u n t i l  the u n i t  has been subjected 
t o  extended opera t i on  or t e s t .  I n  some cases, extreme 
misal ignments may cause brushes t o  jump o u t  o f  the groove 
under severe mechanical v i b r a t i o n  o r  shock. 

The problems which r e s u l t  from e l t h e r  c o n d i t i o n  a re  ~ 

9.3 INSTALLATION 

The accuracy o f  b o t h . a l  ignment and’adjustment are 
determined t o  a v e r y  g rea t  e x t e n t  by the  concept and 
t o o l  i n g  used. The pre-s t ressed concept o f  brush permi ts  
the most accurate greadjustmen’t  o f  the  brush for bo th  
fo rce  and a1 ignment, Other concepts r e q u i r e  adjustment 
a f t e r  t h e  brush has been i n s t a l l e d  i n  the agsembly, 

I t  should be po in ted  out t h a t  ‘adjustment o f  brushes 
a f t e r  i n s t a l l l a t i o n  in to  the brush assemblies tends to 
damage the brush su es.. These n i c k s  and scratches can j  
depending upon shap d locat ion,  s i g n i f i c a n t l y  impai r  
the designed brush a c t e r  i s t ics.  
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9.4 RECOMMENDATIONS 

The most e f f e c t i v e  means f o r  c o n t r o l  o f  brush a d j u s t -  
ment i s  the use o f  brushes which r e q u i r e  -a m i n i m u m ' o f  f o r m -  
i n g  and which i n  o p e r a t i o n  have a maximum r a d i a l  compliance 
o f  about 4-5 m i l s  per  gram. These brushes can be b e s t  a l i g n e d  
by i n s t a l l a t i o n  in to  accuratel ly l oca ted  grooves on both  rotor 
and stator, Carefu l  work can o b t a i n  al'ignments (without s i d e  
loads) w i t h i n  & .0015 inches or about one -ha l f  o f  one percent  
of f r e e  length, whichever i s  greater ,  Manual adjustment of 
assembled brushes s h o u l d  be avoided to the  g r e a t e s t  e x t e n t  
pos s i b 1 e. 
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10.0 POTENTIAL PROBLEM AREAS DURING HANDLING 

A s l i p  r i n g  capsule assembly i s  a d e l i c a t e  p r e c i s i o n  
component, and as such, i t  should be handled w i t h  extreme 
care to insure  no damage. T h i s  s e c t i o n  p o i n t s  out the po- 
t e n t i a l  areas where problems can a r i s e  du r ing  hand l i ng  and 
i n s t a l l a t i o n  o f  the  u n i t ,  

I t  i s  e s s e n t i a l  t o  have knowledge o f  these problem 
areas and i n i t i a t e  proper a c t i o n  t o  ensure they a r e  not 
a1 lowed to a f f e c t  capsule performance. 

10.1 ALIGNMENT OF CAPSULE TO SYSTEM 

As mentioned i n  prev ious  sec t ions  o f  t h i s  manual, 
there  i s  some runout  present  i n  completed capsule assemblies. 
Although t h i s  t o t a l  i n d i c a t e d  runout between the r o t o r  and 
the  s t a t o r  housing i s  u s u a l l y  h e l d  t o  .005" max. (or less, 
depending on design), and t e s t  apparatus i n  which the cap- 
su le  assembly i s  i n s e r t e d  and tes ted  p r i o r  to  i n s t a l l a t i o n  
should a l l o w  some degree o f  f l e x i b i l i t y  i n  e i t h e r  the  rotor 
or the s t a t o r  i n  o r d e r  t o  e l i m i n a t e  degrading c y c l i c  s t r e s s -  

. i n g  o f  the  rotor and bear ings du r ing  t e s t i n g .  

A d d i t i o n a l  r a d i a l  runout i n  the  system between the 
rotor and the s t a t o r  should be minimized as the  combinat ion 
o f  the  system runout  coupled w i t h  the capsule runout  may 
be even more de t r imen ta l  to  the u n i t .  Th i s  can be c o n t r o l l e d  
e f f e c t i v e l y  by p r o v i d i n g  a mount f o r  e i t h e r  the r o t o r  o r  the  
s t a t o r  which w i l l  be capable o f  absorbing the runout w i t h o u t  
c y c l i c  s t r e s s  on the ro tor  and bear ings. 

For e s s e n t i a l l y  the same reasons 4s s ta ted  above, the 
pe rpend icu ta r i  t y  between the mounting sur face  o f  the  f lange 

to le rances  a t  l e a s t  equal to i f  n o t  c l o s e r  than the pe r -  
p e n d i c u l a r i t y  requirements o f  the r e l a t e d  dimension on the 
capsule, I f  t h i s  i s  n o t  accomplished, r o t a t i o n  o f  t h e  u n i t  
w i l l  cause c y c l i c  s t r e s s i n g  o f  the r o t o r  and bear ings which 
may r e s u l t  i n  f a i l u r e  o f  the un i t .  

.* 

' a n d  the mounting ho le  f o r  the housing should be h e l d  to 

Allowance should be made i n  bo th  the capsule and the  
system to ensure t h a t  combinations o f  r a d i a l  runout  o f  the 
housing to  the rotor and p e r p e n d i c u l a r i t y  requirements a r e  
n o t  de t r imen ta l  ta the u n i t  or the system. 

10.2 CLEANLINESS':. 

As manufactured, the s l i p  r i n g  capsule assembly i s  
processed c a d e f u l l y  t o  ensure a completed u n i t  which is 
capable o f  s a t i s f a c b r y  opera t ion .  There can be no guarantee 
t h a t  a un i t  w i l l  ope t e  success fu l l y  i n  the system if  t h e  
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u n i t ,  as i n s t a l l e d ,  i s  not i n  the same s t a t e  o f  c l e a n l i n e s s  
as a t  the t ime of  manufacture. The use o f  o rgan ics  or o t h e r  
v o l a t i l e  m a t e r i a l s  i n  t h e  immediate v i c i n i t y  o f  the capsule 
assembly i s  not a recommended p r a c t i c e .  These vapors have a 
d e f i n i t e  e f f e c t  on the  contac ts  surfaces when .exposed to 
such vapors. 

P r e c i s i o n  b a l l  bear ings used i n  capsule assemblies 
c o n t a i n  l u b r i c a h t .  i Th is  l u b r i c a n t  i s  q u a n t i t a t i v e l y  a p p l i e d  
as one o f  the l a s t  steps i n  process ing the  u n i t .  Any ex- 
posure to  vapor o r , immers ion  i n  so l ven t  o f  an assembly dur -  
i n g  hand1 i n g  and/or i n s t a l  l a t i o n  w i l l  a f f e c t  t h i s  l u b r i c a n t ,  
Consequently, t h i s  should be prevented unless the process i s  
known to the s l i p  r i n g  manufacturer, and the capsule assembly 
has been designed accord ing ly .  

Any s o l d e r i n g  opera t i ons  performed du r ing  hand l ing  
and/or i n s t a l  l a t i o n  should be c o n t r o l  l e d  w i t h  extreme 
caut ion.  Care should be exerc ised a l s o  to prevent  so lder  
f l u x  and the so lvents  used to  remove so lder  f l u x  f r o m  com- 
ing  i n  con tac t  w i t h  the assembly, as bo th  can a f f e c t  cap- 
su 1 e performance cons i derabl  y. 

10.3 TEMPERATURE 

Any temperature cond i t i ons  to which the  capsule 
assembly w i l l  be exposed d u r i n g  hand l ing  and/or i n s t a l l a -  
t i o n  should be inc luded and considered i n  the  non-operat-  
ing temperature requ i rements. 

Some systems r e q u i r e  bakeout a f t e r  complet ion o f  the  
assembly o f  t he  system. Th is  bakeout should be d e f i n e d  i n  
the temperature requirements o f  the capsule assembly. 

In some cases, t h e  cu r ren t ' requ i remen ts  on a p a r t i -  
c u l a r  des ign may necess i ta te  a design which borders on the  
ac tua l  temperature 1 i m i t s  o f  the d i e l e c t r i c  m a t e r i a l s  w i t h -  
i n  the  capsule assembly. I f  t h i s  i s  the case, and the  
mounting c o n f i g u r a t i o n  f o r  the system i n d i c a t e s  the presence 
o f  an a v a i l a b l e  heat  s ink,  then t h i s  heat  s i n k  should be 
used i n  a l l  cases to  improve the heat  t r a n s f e r  c h a r a c t e r i s t i c s  
o f  the  capsule. M o d i f i c a t i o n s  to  the system should be c lose ly .  
moni tored i n  o rde r  to, ensure t h a t  t he re  i s  no reduc t i on  i n  . .  , 
t h e  o v e r a l l  e f f e c t i v e n e s s  o f  t h i s  heat  s ink .  

- 

10.4 BEARINGS ,. 

When in'stal.1 i n g  .a capsule assemb.ly,in : test appara tus .  
or  i n  a system, extreme c a u t i o n  should be used to t r a n s f e r  
a m in imum o f  fo rces  through the  bearings, Any b r i n e l l i n g  
o f  t h e  b a l l s j . o r  raceways w i l l  reduce th,e l i f e  o f  the  bear-  e 

ing, and simultaneo l y  the  l i f e  o f  the  capsule, I f  the 
mounting arrangemen i s  such 'that the housing must be fo rced 
i n to  a t i g h t  f i t t i n  h o l e  or O-ring, then any fo rces  a p p l i e d  
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to  the assembly to i n s t a l l  i t  i n  the system, should be 
a p p l i e d  d i r e c t l y  to the housing. I f  the fo rces  are  a p p l i e d  
through the, s l i p  r i n g  then they must be t r a n s f e r r e d  through 
the bear ings. I f  t h i s  i s  the case, and the forces requ i red  . 
are n o t  c o n t r o l  l e d  proper ly ,  b r i ne1  1 i n g  w i  11  r e s u l t ,  

I f  mounting c a l l s  for p o s i t i o n i n g  the s l i p  r i n g  f lange 
:on a t i g h t  f i l l i n g  member, the  fo rce  should be a p p l i e d  
d i r e c t l y  to the f lange to prevent  fo rce  t r a n s f e r  through 
the bear i ngs e 

When i n s t a l l  i n g  the  capsule assembly, every e f f o r t  
should be made t o  ensure t h a t  i n  the f i n a l  l oca t i on ,  the 
bear ings are  i n  a " f ree "  p o s i t i o n .  Th is  can be accomplished 
by a d j u s t i n g  the capsule a x i a l l y  u n t i l  the u n i t  r o t a t e s  as 
f r e e l y  i n s t a l l e d  as i t  d i d  be fo re  i n s t a l l a t i o n .  Th is  i s  a 
ve ry  minor p recau t ion  to take b u t  i t  can have a s i g n i f i c a n t  
e f f e c t  on capsule performance. As normal ly  suppl i ed  by the 
manufacturer, the bear ing  take-up adjustment i n  a capsule 
assembly v a r i e s  from l i g h t l y  preloaded t o  no p re load  (some 
a x i a l  p lay ) .  I f  the capsule assembly i s  i n s t a l l e d  so t h a t  
the bear ing  pre load i s  s i g n i f i c a n t l y  changed by the i n -  

' s t a l l a t i o n ,  the capsule performance w i l l  be a f fec ted .  

Due to the t i g h t  f i t  o f  some mounting arrangements, 
a hammer has even been used on some occasions to "d r i ve "  
i n  the capsule assembly. This  p r a c t i c e  i s  de t r imen ta l  t o  
the capsule b.ecause o f  the u n c o n t r o l l e d  shock e f f e c t s  
imparted t o  the u n i t .  Although t h i s  can damage o t h e r  cam- 
ponents, the  bear ings w i l l  be the most a f f e c t e d  by any 
such ac t i on ,  Even though the type o f  hammer can be con- 
t r o l l e d  to prevent  any v i s i b l e  ex te rna l  damage, the shock 
fo rces  a re  n o t  c o n t r o l l a b l e  t o  prevent2, internal  damage to  
the  contac ts  and/or the bear i ngs .. 
10.5 'LEADS 

In some cases, the leads become the  p r i n c i p a l  means 
o f  hand l i ng  a capsule assembly, Th is  i s  p a r t i c u l a r l y  t r u e  
i f  the capsule does n o t  have a f lange which prov ides a . 
convenient means o f  hand l ing  the pa r t .  I f  t h i s  i s  the 
case, extreme c a u t i o n  should be used i n  hand l i ng  the u n i t  
s ince the leads can be e a s i l y  damaged. 

I 
Each lead (#30 AWG o r  l a r g e r )  w i l l  w i ths tand  a two 

pound p u l l  withouh t e n s i l e  f a i l u r e .  The capsule, however, 
w i l l  not stand a two pound p u l l  on a l l  leads, s imul taneouslv  
as the .  reSul t t i n g  'force would damage the  prec i is ion b a l l  
bearings. Control should be exerc ised to insure  t h a t  the 
t e n s i l e  s t reng th  o f ,  the leads i s  not surpassed because o f  
the possible)damage\to the leads as w e l l  as to the i n t e r n a l  
connect ions. 
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The c r i t i c a l  f l e x u r e  p o r t i o n  o f  the leads i s  a t  t h e i r  
e x i t  from the capsule assembly. Manufacture o f  the assembly 
requ i res  some f l e x i n g  o f  the ' l eads ;  consequently, by the 
t i m e  the u n i t  reaches the systems engineers o r  technic ian,  
the f l e x  l i f e  o f  the leads has been reduced. Thus, f u r t h e r  
f l e x i n g  o f  the leads should be avoided, i f  poss ib le .  

can be bent around a rad ius  th ree  times the lead w i r e  0 . D .  
w i t h o u t  damage, b u t  a smal ler  rad ius  o f  curva ture  can damage 
the conductor o r  c rea te  c o l d  f l ow  o f  T e f l o n  under extended 
load ing  per iods.  

a long the  rou te  which the leads must f o l l o w  through the 
system. Although any rad ius  w i l l  be super io r  t o  a sharp 
corner, r a d i i  from .010 inch t o  .020 i nch  i s  s u f f i c i e n t  
to prevent  n icked insulat ion, .  unless the lead i s  crushed 
aga ins t  the sur face i n  quest ion.  

Sharp bends i n  the leads should be avoided. The leads 

A l l  b u r r s  and sharp corners should be e l i m i n a t e d  
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11.0 FAILURE MODES 

The r e l i a b i l i t y  o f  a component i s  de f i ned  as the 
ab i  1 i t y  o f  the component t o  per form i t s  intended f u n c t i o n  
for the requ i red  p e r i o d  o f  time. There a re  t w o  types o f  
func t ions  of the s l i p  r i n g  capsule assembly. F i r s t ,  i s  the 
mechanical f u n c t i o n  when the u n i t  must undergo the  requ i red  
motions w i t h o u t  impa i r i ng  the f r i c t i o n a l  torque performance 
o f  the system. Second, i s  the e l e c t r i c a l  f u n c t i o n  i n  which 
the m u l t i p l i c i t y  o f  c i r c u i t s  must n o t  produce a f a i l u r e  o f  
any o f  the  v a r i e t y  o f  e l e c t r i c a l  and e l e c t r o n i c  opera t ions  
o f  the system. The f i r s t  type i s  bes t  consldered as o v e r a l l  
capsule r e l i a b i l i t y  and the second as an i n d i v i d u a l  c i r c u i t  
r e l i a b i l i t y .  Because o f  t h i s  d ivergence o f  f u n c t i o n  and the 
v a r i e t y  o f  e l e c t r i c a l  requirements, 1 i t t l e  has been done 
p r e v i o u s l y  t o  e f f e c t i v e l y  d e f i n e  s l J p  r i n g  capsule numerica 
r e l i a b i l i t y .  We s h a l l  a t tempt  here t o  defin,e the modes of 
f a i l u r e .  

1 1  , 1 DEFINITIONS 

The f o l l o w i n g  d e f i n i t i o n s  w i l l  be used throughout t h i s  

a) F a i l u r e  - Any performance c o n d i t i o n  e x i s t i n g  i n  

d iscuss ion :  

the s l i p  r i n g  capsule which w i l l  cause a system (or missiofi3 
f a i l u r e .  The f o l l o w i n g  cond i t i ons  are genera l l y  c l a s s i f i e d .  
as f a i l u r e s  regard less  o f  the system response to them: 1 )  a 
doub l ing  o f  the f r i c t i o n  torque; 2) an one ohm increase o f  
res i s tance  o f  any c i r c u i t ;  and 3) a s t r u c t u r a l  f a i l u r e  o f  
any component o f  the capsule. 

b )  Ma l func t i on  - Any ou t -o f . - to le rance performance 
c o n d i t i o n  which e x i s t s  i n  the s l i p  r i n g  capsule. An ins tan -  
taneous con tac t  res i s tance  change (no ise)  o r  a t r a n s i e n t  
torque c o n d i t i o n  would be considered mal func t ions .  

a t  the  t ime o f  inspect ion.  A dimensional or an appearance 
c o n d i t i o n  would be examples o f  defects .  

c 

c)  Defect  - Any o u t - o f - t o l e r a n c e  c o n d i t i o n  e x i s t i n g  

11.2 MODES OF FAILURf OR MALFUNCTION 

t 
12.2.1 Non-operat inq - The major mode o f  ma l func t i on  

o f  a s l i p  r i n g  capsule assembly du r ing  per iods  o f  in'an; 
o p e r a t i o n  i s  a gradual increase o f  con tac t  res is tance.  Thf'Z 
increase occurs due to the fo rmat ion  o f  Fnsu la t ing  f i l m s  . 
on the  con tac t  sur faces from o x i d a t i o n  o f  base metal a l l o y - ,  
i n g  agents i p  the contac ts  and f r o m  o rgan ic  t r a n s f e r  to the 
con tac t  surface, Such an occurrence i s  t o  be expected w i t h  '1 

a l l  s l i p  r i n g  assemi$i'es, b u t  the r a t e  o f  fo rmat ion  and the  
1 eve 1 o f  res i stance e determined by the q u a l i t i e s  o f  the 
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mate r ia l s ,  design and process ing o f  the capsule'assembly, 
and the environmental cond i t i ons .  E levated temperature, 
h i g h  humid i t y  and low,pressure w i l l  i n d i v i d u a l l y  o r  c o l -  
l e c t i v e l y  increase the r a t e  o f  f i l m  formation, b u t  l o w  
temperature and humid i ty  can reduce the  r e s i s t i v i t y  o f '  the 
accumulated f i I m , ,  C y c l i c  v a r i a t i o n s  o f  these environments 
w i l l  f u r t h e r  increase the format ion o f  these f i l m s .  Most 
f i l m s  can be wiped away from the  immediate con tac t  surface 
by a few wipes o f  the contacts,  depending upon the na ture  
and adherance o f  t h e  f i l m .  T h i s  type o f  con tac t  ma l func t i on  
should be expected and f o r  r e l i a b l e  system performance a 
program o f  s l i p  r i n g  r o t a t i o n  should be scheduled a f t e r  an 
extended p e r i o d  o f  storage, For a w e l l  f a b r i c a t e d  assembly, 
50 to 100 r e v o l u t i o n s  i s  normal ly  adequate t o  produce the  
con tac t  res i s tance  l e v e l s  o f  a few m i l l i ohms .  

A second m a l f u n c t i o n  which i s  f r e q u e n t l y  encountered 
i n  non-operat ing humid i ty  i s  a l oss  o f  e l e c t r i c a l  insu-  
l a t i o n  c a p a b i l i t y ,  Dur ing per iods  o f  humid i ty  t e s t i n g  
above 90% RH, condensation can very  o f t e n  form on the . 
u n i t s  be ing  tested.  Most s p e c i f i c a t i o n s  permi t  e i t h e r  the 
removal o f  condensation from the sur face by wiping, a i r  
b l a s t ,  or a b r i e f  d r y i n g  pe r iod  be fo re  e l e c t r i c a l  t e s t .  
Wi th  a s l i p  r i n g  capsule, which i s  enclosed b u t  unsedled, 
these procedures are  u s u a l l y  inadequate t o  remove mois tu re  
from the exposed con tac t  surfaces i n s i d e  the capsule. High 
vo l tage  e l e c t r i c a l  t e s t s  w i l l  c e r t a i n l y  cause a r c i n g  through 
the res idua l  mo is tu re  and damage t o  the assembly. Th is  can 
be a severe problem f o r  m i n i a t u r e  u n i t s  where sur face d i s -  
tances between r ings,may be l e s s  than .010 inches. Th is  
c o n d i t i o n  seems t o  occur i n  humid i t y  t e s t i n g  o n l y  and 
seldom, i f  ever, i s  noted i n  the f i e l d .  An adequate s t a b i l i -  
z a t i o n  p e r i o d  i n  the system ( o r  room) environment, say 24 
hours, should be prov ided a f t e r  exposure, t o  extreme humid i ty  
be fore  s u b j e c t i n g  the capsule t o  h igh  .vo1 tage t e s t s .  

Two non-operat ing f a i l u r e  modes occur from the handl -  
i n g  o f  t he  capsule assemblies. F i r s t  i s  the damage t o  small 
bear ings and small  diameter s l  i p  r i n g s  from the weight  o f  
*long lead wi res.  The we igh t  o f  the lead w i r e s  very o f t e n  ' 

exceeds by many t imes the weight  o f  t h e  capsule. When these 
w i r e s  are  suspended f r e e l y  f r o m  the capsule, the weight  can 
cause over load t o  small  b a l l  bear ings o r  f l e x u r e  o f  the 
small  diameter s l i p  r i n g s  sub-assemblies. To avo id  th i s ,  . : 
e i t h e r  lead lengths should be kept  as s h o r t  as poss ib le  or  
p r o v i s i o n s  should be made t o  support  both the leads and 
the capsule a t  a l l -  times. Second, f a i l u r e  can occur due 
to f i e l d  cpntaminat ion and c leaning.  Capsule,assembl i e s  
which have become a c c i d e n t a l l y  contaminat'ied can f a i l  be- 
cause o f  e i t h e r  bea r ing  torque or h igh  noise i f  operated 
i n  the contaminated condit4on. Cleaning o f  such u n i t s  
by anyone o the r  than the  manufacturer can r e s u l t  i n  removal 
o f  l u b r i c a t i o n ,  can kause degrading reac t i ons  w i t h  the 

.ma te r ia l s .  i n  the ass&nbly, and may not remove the contami- 

. na t i on .  To prevent  such f a i l u r e s  any contaminated assembly 
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should be re tu rned  to  the manufacturer w i t h  a d e s c r i p t i o n  
o f  the con tamina t ion . fo r  proper c leaning.  

11.2.2 Operat ins - (Normal St ress)  - A f requent  type 
o f  ma l func t i on  i s  e l e c t r i c a l  con tac t  no ise.  Noise can be 
caused by the b u i l d - u p  o f  f i l m s  i n  the non-operat ing con- 
d i t i o n  as i n d i c a t e d  above which a re  not detected u n t i l  the 
capsule i s  operated. 'Noise can s i m i l a r l y  be caused by 
. f i l m s  forming on any- i n f r e q u e n t l y  wiped p o r t i o n s  o f  the 
con tac t  surface. I t  can be caused by the accumulat ion of. 
wear product  and f i l m  d e b r i s  i n  the wear t rack .  

The degree t o  which these causes c o n t r i b u t e  to  mal-  
func t ions  depend upon the contac t  design, the a p p l i e d  
motion, the atmospheric environment and l e v e l  a t  which 
con tac t  res i s tance  v a r i a t i o n  becomes a mal func t ion .  A * 

V-grooved r i n g  w i t h  a formed brush cross-sect ion,  p r o v i d -  
i ng  maximum c learance and smal les t  con tac t  radius,  w i l l  

. g i v e  the  bes t  no ise  performance under a l l  cond i t ions .  
Ro ta t i ona l  mot ion w i t h  minimum reve rsa l s  and minimum 
wiped d is tance i s  the  l e a s t  severe mode o f  opera t ion .  
O s c i l l a t i o n  o f  l a r g e  ampl i tude and h i g h  speed w i t h  f i x e d  
end p o i n t s  i s  about the most severe, Environments con ta in -  
i n g  l a r g e  amounts o f  o rgan ic  vapor c o n t r i b u t e  h e a v i l y  t o  
the  c r e a t i o n  o f  noise. F l u i d  f i l l e d  systems are  among the 
most d e s i r a b l e  environments -because o f  t h e i r  a b i l i t y  to  
d i spe rse  the  wear debr is .  Because o f  the  number o f  c i r -  
c u i t s ,  the v a r i e t y  o f  causes o f  no ise  and s e n s i t i v i t y  
o f  the c i r c u i t s  to noise, the  contac t  no ise  i s  the l i m i t -  
i n g  f a c t o r  on the l i f e  o f  the capsule assembly. 

To minimize such mal funct ions,  the s l i p  r i n g  capsule 
"should incorpora te  as many o f  the h ighes t  re1 i.abi 1 i t y  
fea tures  as poss ib le  w i t h i n  the space and c o s t  1 i m i t a t i o n s  
on the  capsule. To f u r t h e r  reduce the-occurrance o f  noise, 
a h i g h  r e l i a b i l i t y  instrument system should be designed 
so t h a t  a l l  o rgan ic  m a t e r i a l s  used w i t h i n  the system have 
the abso lu te  minimum o f  outgassing under ope ra t i ng  con- 
d i t i o n s .  Also p r o v i s i o n s  should be made to enable approx i -  
mate ly  100 r e v o l u t i o n s  o f  the s l i p  r i n g  every 100 hours o'f ' 

o p e r a t i o n  to d isperse d e b r i s  which m igh t  have become com- 
pacted a t  the ends o f  o s c i l l a t i o n  t racks  or t o  wipe away 
accumulated f i l m s .  

c . .  
One mode o f  f a i l u r e  occurs w i t h  the r i g i d  mounting o f  

Th is  type . o f  moun'ting fo rces  the bear ings o f  the capsule., . 
to a l i g n  w i t h  the. main inst rument  bear ingso s ince  the s l i p  
r i n g  and i t s  bear ings 'are smal ler  and l e s s  r ' ig id  than the  
equ iva len t  inst rument  s t ruc tu res .  The s l i p  r i n g  thus w i l l  
d i s t o r t  or fqacture,  or the capsule bear ings  will be ex- 
c e s s i v e l y  loaded r e  u l t i n g  i n  f a i l u r e ,  

' t h e  r o t o r  and s t a t o r  sub-assemblies t o  the  instrument. I 

4 
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S i m i l a r  f a i l u r e s  can occur when the  leads a re  cabled 
to the system i n  such a way as to  in t roduce a x i a l  or s ide  
loads to the capsule. 

A f requent cause of t o t a l  capsule f a i l u r e  i s  the  
f a i l u r e  o f  b a l l  bear ings.  M i n i a t u r e  bear ings demonstrate 
a sharp increase i n  f r i c t i o n  torque a t  t he  onset o f  f a i l u r e .  
The increase i n  f r i c t i o n  can be severe enough to  cause 
' s t a l l i n g  or damage to d r i v e  mechanism, damage to  s l i p  r i n g  
s h a f t s  or d e s t r u c t i o n  o f  the bear ings themselves. Crown 
type r e t a i n e r s  can' wedge outward between the b a l l s  and 
t h e  o u t e r  cace. Ribbon type r e t a i n e r s  f a i l  by separa t ion  
o f  the r ibbons  from the fo rce  o f  the b a l l s ,  b u t  these 
f a i l u r e s  occur a t  l ess  than h a l f  the r a t e  o f  crown r e t a i n e r  
types. 

The causes o f  the bear ing  f a i l u r e s ' h a v e  been ascr ibed . 
t o  i n s u f f i c i e n t  l u b r i c a t i o n ,  p a r t i c u l a t e  debris,and improper . 
loading, I n s u f f i c i e n t  l u b r i c a t i o n  can r e s u l t  from e f f o r t s  
t o  m a i n t a i n  bear ing  l u b r i c a n t  f i l m s  a t  minimum l e v e l s  t o  
avo id  recontaminat ion o f  con tac t  surfaces. Since some 
bear ings have been operated u n l u b r i c a t e d  f o r  extended 
pe r iods  o f  t ime w i t h o u t  f a i l u r e ,  i t  i s  probable t h a t  
bea r ing  f a i l u r e  w i l l  occur o n l y  from a combinat ion o f  in-  
adequate l u b r i c a t i o n  and contaminat ion or  over loading.  For 
maximum r e l i a b i l i t y ,  a very  l i g h t  l u b r i c a t i n g  f i l m  app l i ed  
from a so l ven t  s o l u t i o n  o f  about 1/2 percent  o f  l u b r i c a n t  
has been found s u i t a b l e  f o r  bear ing l u b r i c a t i o n  w i t h  minimum 
con t a c t  con tam i na t i on e 

P a r t i c u l a t e  contaminat ion o f  bear ings o r i g i n a t i n g  f r o m  
atmospheric deb r i s  o r  produced by the  s l i p  r i n g  contac ts  
can cause bear ing  f a i l u r e ,  The harder the p a r t i c l e s ,  the 
more severe the e f f e c t  upon the bear ing .s ince  small s o f t  
metal p a r t i c l e s  w i l l  be r o l l e d  o u t  and a c t u a l l y  have a 
l u b r i c a t i n g  e f f e c t  on the bear ings. , I r o n  p a r t i c l e s  a t t r a c t e d  
by res idua l  magnetism are  among the most dangerous p a r t i -  
c u l a t e  contaminat ions causing bear ing f a i l u r e .  Double 
sh ie lded bear ings p r o p e r l y  demagnetized are  the bes t  p ro -  
t e c t i o n  aga ins t  p a r t i c u l a t e  i n i t i a t e d  bear ing  f a i l u r e s .  

Most bear ing  f a i l u r e s  have been trace.d to over loading, 
m o s t  o f  which i s  causFd by misal ignment e i t h e r  o f  the bear- -  
ings i n  the capsule o r  o f  the  capsule i n  the d r i v e  mechan-.' 
ism.  I n t e r n a l  to the capsule, the  misal ignment must be pre-  
vented by the design and to le rance o f  the components and 
bear ings must be Sdjusted t o  avo id  overloading. 'The i n -  -* 
s t a l l a t i o n  o f  t he -capsu le  in to  the sys teg  must avo id  i m -  . . 
pos ing a d d i t i o n a l  loads on the capsule beari'ngs. 

Lead f a i l u r e s ,  e i t h e r  complete breakage or broken 
strands, constitute:,the o the r  major f a i l u r e  mode for the 

.capsule,  These f a i l u r e s  can be caused by improper design 
%i 
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which a l l ows  m a t e r i a l  (so lder ,  p l a s t i c ,  etc.) ,  t o  f l o w  
i n t o  the i n t e r s & i c e s . o f  the  stranded lead, s t i f f e n i n g  
i t  and c r e a t i n g  a l i m i t e d  area o f  f l exu re .  S i m i l a r l y ,  
f a i l u r e s  can occur i n  a very  s h o r t  length.  When leads 
a re  repeatedly  f l e x e d  i n  l ess  than about 10 diameters,. 
f a t i g u e  o f  the conductor m a t e r i a l  can r e a d i l y  occur, 
c r e a t i n g  s t rand o r  conductor breakage. This  i s  p a r t i -  
c u l a r l y  t r u e  w i t h  conductors o f  few s t rands , 'o r  w i t h  
' b r i t t l e  coat ings  such as n i c k e l  p l a t i n g .  

F a i l u r e  o f  the  capsule due to wearout o f  r i n g  or 
brush components i s  n o t . a n  observed fa i l u re ,mode  even 
i n  the most m i n i a t u r e  capsules. Although some wear i s  to 
be expected f r o m  bo th  components, the normal wear product  

'appears as a f i n e  p a r t i c u l a t e  mat te r  o f  d u l l  brown or 
b lack  c o l o r  d i s t r i b u t e d  a t  the s ides o f  the  wear t r a c k  or 
adher ing to  the brush. 

Excessive wear, as evidenced by large,m b r i g h t  p a r t i -  
c l e s  ( e i t h e r  f l a t  or elongated), can produce e l e c t r i c a l  
f a i l u r e s  between r i n g s ,  Such occurances are ext remely 
r a r e  w i t h  proper f i n i shes ,  fo rces  and environment. Any 
tendency t o  excessive wear can normal ly  be detected 
a f t e r  a r u n - i n  t e s t  o f  about 100 hours a t  rep resen ta t i ve  
cond i t i ons .  

11.2.3 Operat ins - (Abnormal Environment) - The 
mechanical environments o f  v i b r a t i o n ,  shock and acce le ra-  
t i o n  have neg l i . g ib le  e f f e c t  upon the average s l i p  r i n g  
capsule. Mos t  brush contac ts  w i l l  w i ths tand  mechanical 
loads o f  hundreds o f  g 's,  w i t h o u t  loss o f  contac t  t o  
the  r i n g .  The normal 10-20 g v i b r a t i o n  and a c c e l e r a t i o n  
loads requ i red  o f  most m i n i a t u r e  capsules w i l l  produce 
con tac t  f o rce  changes o f  a f r a c t i o n  o f ' a  gram. Shock l e v e l s  
o f  50 g ' s  can c rea te  enough f o r c e  change to produce de- . 
t e c t a b l e  noise, b u t  no con tac t  opening f a i l u r e s  have been 
repor ted.  

shock l e v e l s  can move t o  con tac t  ad jacent  r ings,  c r e a t i n g  
p o t e n t i a l  e l e c t r i c a l  s h o r t s .  V-grooves and proper a l i g n -  
ment w i l l  e f f e c t i v e l y  prevent  t h k  type o f  f a i l u r e  due to 
brush motion, 

Round w i r e  brushes on f l a t  r ings,  under h igh  a x i a l  

c . .  
Under t ransverse  mechanical loads,. both r o t o r  and 

r e l a t i v e  s l i d i n g  Got ion  between r i n g  and .brush and possi--., 
b l y  some minor contact .  res is tance var ia t ion . ;  With ins tan -  
taneous a x i a l '  loads such as v i b r a t i o n  o r  shock the re  w i l l  
be some r e l a t i v e  a x i a l  mot ion o f  the sub-assemblies de- 
pending upon iax ia l  p l a y  and bear ing e l a s t i c i t y ,  When 
severe, the r i n g  t o i b r u s h  al ignment may be so a f f e c t e d  
as to  cause brushes jump onto adjacent  r i ngs .  This  can 

s t a t o r  sub-assembl i e s  w i  1 1  f l e x  s l  i g h t l y ,  causing some ? 
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be prevented by the use o f  V-grooves for  ma in ta in ing  brush 
p o s i t i o n .  F a i l u r e  o f  bear ings can occur due to  b r i n n e l l i n g  
under severe or prolonged exposure t o  t h i s  ac t i on ,  Both 
f a i l u r e s  can be e l i m i n a t e d  w i t h  minimum p l a y  and proper 
bea r ing  s e l e c t i o n  for the  intended load. 

has n o t  been experienced w i t h  most capsule app l i ca t i ons .  

E l e c t r i c a l  f a i l u r e s ,  o t h e r  than noise, on p r o p e r l y  
designed capsules a re  very  ra re .  Excessive o r  prolonged 
vo l tages  can cause d i e l e c t r i c  breakdown on surfaces or 
through i n s u l a t i o n s .  These f a i l u r e s  w i l l  normal ly  be 
associated w i t h  l o w  pressure o r  extreme humid i ty  cond i t ions ,  
When such a r c i n g  has occurred, i t  i s  o f t e n  de tec tab le  f r o m  
carbonized area o f  p l a s t i c  surfaces. 

f o rce  r e l a x a t i o n ,  Extreme cases o f  ove r -cu r ren t  produce 
brush mel t ing ,  normal ly  a t  the center  o f  the conduct ing 
p o r t i o n .  D i r e c t  sho r t s  o f  h i g h  vo l tage  w i l l  produce 
m e l t i n g  o f  brushes, arcing, and expu ls ion  o f  mol ten 
ma te r ia l ,  very  o f t e n  i n t e r f e r i n g  w i t h  the performance o f  
o the r  c i r c u i t s .  Over-current  through the e n t i r e  capsule 
r e s u l t s  i n  d i s c o l o r a t i o n  o f  var ious  components, metal  and 
p l a s t i c  d i s t o r t i o n  and me1 t i n g  o f  so lder .  

' S t r u c t u r a l  damage t o  the  components o r  Sub-assembl i e s  

Over c u r r e n t  o f  s i n g l e  c i r c u i t s  w i l l  r e s u l t  i n  brush 

E l e c t r i c a 1 . f a i l u r e s  o f  a capsule a re  the r e s u l t  o f  
inadequate s p e c i f i c a t i o n  o r  design o f  the e l e c t r i c a l  
parameters. Such f a i l u r e s  can be prevented by adequate 
knowledge o f  the capsule requirements. 

Humidity, e i t h e r  excess o r  inadequate, can cause 
capsule f a i l u r e s .  Humidi ty i n  excess of -gO% w i l l  cause 
a reduc t i on  o f  i n s u l a t i o n  res i s tance  and d i e l e c t r i c  
s t r e n g t h  due t o  absorbed o r  sur face mois ture.  Capsules 
should be e l e c t r i c a l l y  derated du r ing  and a f t e r  exposure 
t o  e leva ted  humid i ty .  Humid i ty  i n  excess o f  7 5 % w i l l  i n -  
crease the  r a t e  o f  con tac t  f i l m  format ion.  Where cont inued 
c o n d i t i o n s  o f  h i g h  humid i ty  e x i s t ,  f requent  con tac t  w i p i n g  
by u n i t  r o t a t i o n  should be spec i f i ed .  Humidi ty l e s s  than 
10% can decrease n a t u r a l  con tac t  l u b r i c a t i o n  and cause 
excessive con tac t  wear. Operat ion under l o w  humid i ty  
should be avoided unless proper l u b r i c a t i o n  has been 
app l i ed  to the con tac t  surfaces. 

Temperature extremes a re  u s u a l l y  causes o f "  fa1 l u r e  
o n l y  i n  con junc t i on  w i t h  o the r  environmental: condi t ions,  
i .e .9  cur ren t ,  v i b r a t i o n ,  shock, humidi ty, e t c .  Elevated 
temperatures and heat  from c u r r e n t  loads are  a d d i t i v e  and 
can r e s u l t  i~ d i s c o l o r a t i o n  o f  surfaces, p l a s t i c ,  or  metal  
d i s t o r t i o n s ,  so lder  \)ne1 t ing ,  e t c .  Extremes o f  temperature 
can produce d i f f e r e n \ t i a l  expansions or changes o f  a d j u s t -  
ment which a f f e c t  pe$formance. 

. 



V i b r a t i o n  and shock e f f e c t s  are g rea te r  when the  
capsule components a re  subjected to s t resses  f r o m  d i f f e r e n t -  
i a l  expansions due to undersigned temperature l i m i t s .  Ele- 
vated temperatures w i l l  increase outgass ing r a t e s  for most 
po lymer ic  m a t e r i a l s  hastening the  increase o f  no ise  mal-  
function and f a i l u r e s .  

can be designed to exceed most e l e c t r o n i c  instrument 
temperature 1 i m i  t s .  S1 i p  r i n g s  w i t h  adequate l u b r i c a t i o n  
and f r o s t  p r o t e c t i o n  can be made e f f e c t i v e  a t  very  l o w  
tempera t u  res  e 

The use fu l  temperature ranges for  s l i p  r i n g  capsules 

Low pressure c rea tes  unique f a i l u r e  modes i n  t h a t  i t  
i ncreases the  probabi  1 i t y  o f  wearout un less  proper l u b r i  - 
c a t i o n  for contac ts  and bear ings i s  provided. Temperature 
e f f e c t s  too  are  accentuated by reduced pressure due t o  
loss o f  convec t ion  and conduct ion through the  atmosphere. 
Since r a d i a t i o n  i s  a small  por t ion: .d f  the heat  t rans fe r  
a t  normal pressures, capsules must be severe ly  derated for  
c u r r e n t  a t  low pressure or design, and the i n s t a l l a t i o n  
must p rov ide  ex tens ive  thermal conduct ion paths and heat  
s inks  to  the  body o f  the system. 
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12.0 R EL I AB I L I T Y  EVALUATION FOR CAPSULES 

Re1 i a b i  1 i t y  measurements for s l  i p  r i n g  assembl i e s  have 
sel'dom, i f  e v e r j  been e f f e c t i v e l y  obtained. That da ta  whikh - 
has been ob ta ined has not been accurate i n  p r e d i c t i n g  the 
performance r e l i a b i l i t y  o f  s l i p  r i n g  assemblies i n  use, and 
data gained f o r  one assembly has been extremely suspect i n  
e x t r a p o l a t i o n  to o t h e r  appl i c a t i o n s .  Recent work has begun 
to e x p l a i n  the causes o f  t h i s  un fo r tuna te  s i t u a t i o n  and has 
po in ted  the way toward some d e f i n i t i o n  and s tandard i za t i on  
for the f u t u r e .  

The problem has a r i s e n  because most manufacturers and 
users assumed t h a t  t h e  p r i n c i p a l  mode o f  f a i l u r e  f o r  s l i p  
r i n g  capsules would be the wear o u t  o f  e i t h e r  the r i n g  o r  
the brush. They f u r t h e r  assumed t h a t  the p r i n c i p a l  mal -  
f u n c t i o n  mode would be noise r e s u l t i n g  from wear p a r t i c l e s .  
I n  o t h e r  words, t h e  t e s t  for r e l i a b i l i t y  was assumed to be 
one which c rea ted  the  g rea te r  wear3 i .e.y many revo lu t i ons .  
These t e s t s  made l i t t l e  e f f o r t  to d e f i n e  the c o n d i t i o n i n g  
o f  the par t ,  the mode o f  ope ra t i on  o r  the  no ise  c r i t e r i a  
requ i red  f o r  the  system. O f  course j  t h i s  r e s u l t e d  i n  s i t u -  
a t i o n s  where p a r t s  q u a l i f i e d  t o  a s p e c i f i c a t i o n  would n o t  
per form i n  a system and v ice-versa .  

I t  i s  now known t h a t  wear-out i s  n o t  a p r i n c i p a l  f a i l -  
u r e  mode. I t  i s  a l s o  known t h a t  no ise o r i g i n a t e s  most f r e -  
quen t l y  i n  the i n s u l a t i n g  debr i s  forming on the contacts.  
The r e l i a b i l i t y  eva lua t i on  must be set-up t o  incorpora te  
these fac ts .  

Organic m a t e r i a l  can f o r m  viscous.oi- s o l i d  depos i ts  
on prec ious  metal  con tac t  surfaces when s t a t i c .  Oxide 
f i l m s  too w i l l  form on s t a t i c  con tac t  surfaces. Contact 
devices which must operate immediately a f t e r  extended 
pe r iods  o f  i n a c t i v i t y  m u s t  incorpora te  an i n a c t i v e  p e r i o d  
i n t o  the  e v a l u a t i o n  t e s t  procedure. On the  o ther  hand, 
f r i c t i o n a l  polymer and wear deb r i s  w i l l  be.,generated on 
moving contac ts  and contac ts  exposed t o  cont inuous m o t i o n  
should incorpora te  t h i s  fea tu re  i n t o  the t e s t  mode. 

12.1 CONDIT IONING 

Present Ind-ications a r e  t h a t  re1 i a b i  1 i t y  , test  c r i -  
t e r i a  should inc lude bo th  a c o n d i t i o n i n g  mode and\an 
o p e r a t i n g  mode. The t w o  most r e a l  i s t i c  cond id ion ing  modes 
are:  

(. 

+ 

a) S t a t i c  - The capsule assembly should be s u i t a b l y  
mounted i n  a t e s t  apparatus for a rep resen ta t i ve  p e r i o d  o f  
t ime a t  the operat in&% temperature in t he  o p e r a t i n g  atmos- 
phere. Sugges'ted c o n d i t i o n s  would bet  50"Cj dry nitrogen, 
and 48 hours. 
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Th is  s t a t i c  c o n d i t i o n i n g  p e r i o d  s imulates the  cond i -  
t i o n s  optimum for genera t ion  o f  i n s u l a t i n g  f i l m s  on the 
con tac t  surfaces, and i t  a l s o  s imulates c o n d i t i o n s  . f r e t  
quen t l y  found i n  guidance systems u t i 1  i z i ng  capsule assemb- 
l i e s .  I t  should be r e q u i r e d  o f  devices which 
t h e i r  function on the  f i r s t  few sweeps af - ter  a 
s t a t i c  per iod .  Th is  t e s t  w i l l  produce the lowe 
va lue fo r  the capsule. 

i n  the  t e s t  apparatus and operated f o r  a rep resen ta t i ve  
p e r i o d  o f  t ime under the opera t i ng  temperature and atmos- . 
phere. The c o n d i t i o n s  recommended are  the same as for the 
s t a t i c  cond i t i on ing .  The d u r a t i o n  o f  runn ing  should be 
about 5 hours a t  2-10 inches/minute. 

b) Runninq - The capsule should be suitablyy; mounted 

Th is  s imulates the running cond i t i ons  optimum to the 
format ion o f  f r i c t i o n a l  polymer. Higher speeds tend to 
produce g rea te r  wear, b u t  may decrease polymer fo rmat ion  . 
and e f f e c t s .  The c o n d i t i o n  a l s o  s imulates the running speeds 
o f  most accelerometer type u n i t s .  

The c o n d i t i o n i n g  procedure should be se lec ted  which 
b e s t  descr ibes the a c t i o n  o f  the capsule immediately p r i o r  
t o  the t ime o f  requ i red  performance, 

12.2 OPERATING MODE 

l i s h e d  for the  capsule, the mot ion mode for no ise  t e s t  must 
be def ined.  The mot ion should conform as c l o s e l y  as p r a c t i -  
c a l  to the use mode o f  the u n i t .  

M o s t  inst rument  capsule app l3ca t fon  requirements w i l l  
f a l l  i n to  t w o -  b a s i c  modes. 

a) Continuous Ro ta t i on  - This  mode, most f r e q u e n t l y  
seen i n  accelerometer a p p l i c a t i o n s  i s  cha rac te r i zed  by con- 
t inuous  r o t a t i o n  a t  speeds f a s t  enough to e f f e c t i v e l y  rub 
away f i l m s  be ing  formed b u t  slow enough to avo id  undue wearo 
Th is  would correspond t o ' a  range from one r e v o l u t i o n  per 
hour to a few hundred r e v o l u t i o n s  per wihute (about 10 f e e t  
per  minute) .  

Once the c o n d i t i o n i n g  requirements have been estab-  

c 

, .  

. -The noise source to be expected i n  t h i s  type o f  opera- 
t i o n  i s  the  accumu'lation o f  a conglomerat ion o f -wear  produ 
and f r i c t i . ona l  polymer i n  the groove area-. When excessives 
t h e  conglomerate w i l l  kon tac t  the brush a l t e f i n g  the  r e s i s t -  
ance p a t t e r n  w i t h  consequent noise. 10 RPM has been found 
to  be a waefyl  t e s t  mode for  t h i s  a p p l i c a t i o n .  

which i s  rep resen ta t f ye  o f  many gimbal ope ra t i ona l  mot ions 
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b )  O s c i l l a t h ~ n ' w i t h  In f requen t  R o t a t i o n  - T h i s  mode 



i s  the  more severe mode. for most capsules. I t  i s  charac- 
t e r i z e d  by f i x e d  ampl i tude o s c i l  
i n f requen t  sweep o f  the e n t i r e  s 
d e b r i s  and f r i c t i o n a l  polymer ac 
the o s c i l l a t i o n  t rack,  b u t  c r e a t  
a l a t e r  t ime the sweep o f  the br 
r e s u l t i n g  i n  h i g h  r e s i s t a n  
produced by f i lms forming 
t i o n s  o f  the  contact .  I t  i s  
t h a t  no i se  be measured du r ing  
from the  accumulated debr is ,  

The t e s t  mode f r e q u e n t l y  used i s  a s i x  c y c l e  per  
second o s c i l l a t i o n  o f  s i x  degrees f u l l  excursfon w i t h  
r o t a t i o n a l  sweeps i n  one hundred hour increments. Wider 
o s c i  1 l a t i o n  and h ighe r  f requencies tend to increase- the  
s e v e r i t y  o f  the t e s t  mode. 

1 2.3 MEASUREMENT 

- W i th  the c o n d i t i o n i n g  and opera t i ng  modes establ ished, 
the e l e c t r i c a l  measuring cond i t i ons  should be def ined.  

D i r e c t  c u r r e n t  t e s t  s i g n a l s  a re  p r e f e r r e d  f o r  a l l  
no ise  measurements because o f  i t s  s i m p l i c i t y .  Constant 
cu r ren t ,  r i p p l e  f ree,  low vo l tage  power suppl i es  p ro -  
v i d i n g  about 0.1 ampere are  q u i t e  s a t i s f a c t o r y  and r e a d i l y  
obtained. The v a r i a t i o n  o f  c i r c u i t  v o l t a g e  drop can then 
be r e a d i l y  a m p l i f i e d  t o  produce readings i.n the m i l l i v o l t  
range on s u i t a b l e  instruments.  AC s i g n a l s  can be u t i l i z e d  
e f f e c t i v e l y  when a p p l i e d  to the capsule c i r c u i t s  through a 
b r i d g e  arrangement. Th i s  produces a no ise  modulated AC 
s igna l  which must be demodulated for s a t i s f a c t o r y  record-  
ing.  The use o f  AC i npu t  s i g n a l s  has bsen found to  have 
no e f f e c t  upon the measured noise. (o ther  than t h a t  i r \ tro- 
duced by the measuring equipment response charac ter ) .  
DC s i g n a l s  a r e  t h e r e f o r e  to be recommended, 

For maximum in fo rma t ion  about the  performance o f  
i n d i v i d u a l  capsule c i r c u ' i t s  a " s i n g l e  c i r c u i t "  no ise  measure- 
ment technique i s  h i g h l y  d e s i r a b l e  (Fig.  21) .  I n  t h i s  method 
a l l  leads on the r o t a t i n g  end o f  the capsule a re  connected 
together  and a t  l e a s t  four c i r c u i t s  o f  the  capsule a r e  used . 
f o r  cons tan t  c u r r e n t  i n p u t  f rom the source 'SI and one c i r - . *  
c u i t  for  c u r r e n t  re tu rn ,  The vo l tage  drop ( V )  v a r i a t i o n  a-  
cross the combinat ion i s  a measure o f  the 'noise o f  t h e  
s i n g l e  c i r c u i t  s ince  the  minimum o f  four c i r c u i t s  In para1 
e f f e c t i v e l y  reduces the " i npu t "  no ise  t o  a n g g l i g i b l e  l e v e  
By 'sequende swi tching,each c i r c u i t  may ber measured i n  tur 
I t  does have the disadvantage o f  p revent ing  independe 
simultaneous measurement o f  no ise  on many circuits, 
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In order to obtaln measurements of nearly equal 
information and to perm1 t (with adequate equipment) the 
simultaneous recording of a number of clrcults, the W r m  
cult palr" technique should be employed (Flg. 2 2 ) .  Here 
the circuits of the rotating end of the capsules are con- 
nected together in pairs. The constant current Is fed 
through a palr of circuIts and the voltage varlatlon ( V )  
Is measured. By paralleling current sources and Instru- 
mentation, the noise of a larger number o f  circuit palrs 
can be simultaneously obtained. The dfsadvantage here Is 
that one piece of data cannot be isolated to one partlcu- 
1 ar ct rcu 1 t. 

The simplest and least desirable method of noise 
measurement Is the "series" test. For this method, all 
circuits of the capsule under test are wfredx i'nto single 
series pattern (Fig, 23). The current Is supplied through 
this clrcuit and the voltage varlatlon determined. In 
this test no indivldual circuit informatlon can be ob- 
tained and if the number of clrcui ts Is large and the RMS 
noise Is hlgh on IndlvIdual circuits, this technique will 
result in a completely erroneous measurement. Thls method 
should be avoided. 

Recorded measurements are much desired for noOse 
measurements, They perm1 t better determination of both 
amplitude and character of the nolse. Mechanical oscil- 
lographic recorders are readily available with useful 
gain levels and a frequency response of up to 100 Hertz, 
These instruments will record all of the electrlcal noise 
normally significant in electromechanical devlces ulftlz- 
Ing the out-put o f  the- s l i p  ring capsules. If hlgher fre- 
quency noise data i s  required, optlcal oscillographic 
recorders are avatlable up to 4000 Hertz and oscllloscopes 
can be used to the megahertz range. . 

Meters have not .proven satisfactory for contact 
noise measuring because of their long response time, They 
are also undesirable because of the long time perlod, short 
duration charactrer of the noise being measured, Therefore, 
averaging or RMS techniques cannot be.accurate, 

92.4 STATISTICAL DETERMINATION 

Having once established the conditionlng, operating 
mode, measurement period, and recording technique for the 
collectlon o f  noise performance data, only the evaluatlon. 
of the data remains. Two types of evaluag on)should be 
conducted; the statistical determination of Yellablllty 
(or fallure rate) and the engineering evaluation o f  the 
cause( s )  of the observed performance. 
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FIGI ,  21: S I N G L E  C I R C U I T  T E S T  

I R C U I T  P A I R  T E S T  
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FIG, 23: S E R I E S  TEST 



The l a t t e r  i s  a pa ins tak ing  process o f  t e s t i n g  and 
d f s s e c t i o n  to c a r e f u l  l y  compare each c h a r a c t e r i s t i c - o f  
performance to  the theory, deslgn, and manufactur l n g  r e -  
quiremen.ts o f  the u n i t .  J t  i s  too .spec la l1zed and sub- 
Jec t l ve '  process to be considered here on u n i t s ,  and It 
i s  b e s t  accomplfshed w l t h  the  a i d  o f  an experienced sup- 
p l i e r  representa t ive .  

The s t a t i s t i c a l  de termina t ion  can be descr ibed b r i e f l y .  
F i r s t ,  a no ise  l e v e l  Is se lec ted  as an a r b i t r a r y  l f m i t ,  say 
10, 30, or 100 mi l l iohms.  I f  the noise has been measured a t  
regu la r  i n t e r v a l s  on any group o f  c i r c u i t s ,  the f r a c t i o n  o f  
c i r c u l t s  exceeding t h i s  l e v e l  can r e a d i l y  be determlned for 
any t e s t  i n t e r v a l ,  By c a l c u l a t i o n  o f ' - t h e  f r a c t l o n  exceeding 
the re fe rence l i m i t  f o r  succeeding i n t e r v a l s  a graph of per -  
cen t  "mal funct lons"  w i t h  t ime can be ob ta lned (Flg, 24a). 
S l m l l a r l y ,  by accumulat ing the  data over the t o t a l  p e r i o d  
o f  tlme, an accumulated curve can be ob ta ined (F ig.  24b). * 

Since the p r o p o r t f o n  o f  ma l func t lons  a t  any l e v e l  1s 
d i s t r l b u t e d  approximately i n  a normal manner, conf idence 
l e v e l s  f o r  the b inomla l  d l s t r t b u t i o n  can be a p p l l e d  to  
the data us ing  the p ropor t fon  and the a p p l i c a b l e  number of 
measurements. I f  the 95% l e v e l  were deslred, a curve of 95% 
p r o p o r t i o n  vs. t ime can be es tab l i shed  for the I n d l v f d u a l  
t e s t  and for  the accumulated data. The process can be r e -  
peated for  o the r  reference no ise  l e v e l s  and a % malfunction/ 
t ime curve developed for the component. (Fig, 25)- 

From t h i s  da ta  can be determined the p r o b a b i l i t y  o f  
ma l func t l on  d u r i n g  any time, 

Th is  i n fo rma t lon  g lves  the  p r o p o r t t o n . o f  the t e s t s  o f  
a g i ven  d u r a t i o n  which w i l l  be expected to exceed the glve,n 
no ise l eve l .  By knowlng the t o t a l ,  t?me o f  tes t lng ,  the dura- 
t i o n  o f  the t e s t  Increment, and the p r o p o r t i o n  o f  malfunc- 
t ions ,  the mean. t lme between ma l func t i onsp  and the r e t i *  
a b i l i t y  can be determined a t  the a l ready  determined can- 
f 1 dence'. *I eve 1 * 
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